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/PREFACE TO THE SPXTI-\. EDITION 


In the interval Sure the publication of tlle<dth edition uf the 
present hook«hut few striku^ changes in the design or manufacture 
of dynamos and alternators have wen made.* The iu«*re ccuiionm al 
Use of materials apd higher fji^ttls Way Jjnrhaps have doubled 
the |>o\ver obtained from a machine M ^iven weight or occupying 
a given fl<K>r spate, huf every* advance li.w U*en \*m by dose 
at tent it to minin' improvements in details, unless the wider 
adoption of artificial ventilation in modem hiJh-sjMvd machines 
1«* claimed as a new departure in principle, l or cent mutation 
work the artificially-ventilated turbo alternator has i unturned to 
oust its engine-driven rival, ami the sizes in which it js smcessfiilly 
manufactured have very greatly increased to meet the growing 
demands for }M>wer. 1 he ptogicss of electric generating maehinery 
has indeed Ihtii mainly towards units of largt^ at^l larger capacity. 

In 1910 Prof. Miles Walker summarized the then position in tTio 
following words 

If#\ve look at the growth in the kilowatt capacity of machines 
during the hfst thirty ye. us, we are driven to the conclusion that 
the kilowatt capa« W of large units in*tlie immediate future wilT 
lx? as great as 1^,000 iff* '20, (KM) k\\. In the year 1880 a IO-k\V 
machine was considered large: I in 1885 a 100 k\V; in 1890 a 
HOU-kW; m 1895 a 500- k \V ; jn # 1900 a l,000-k\V ; in 1905 o» 
5,000-k\V , ,in # 1910 w»* have YO.OOO k\V steam turbiin -Jriven # 
generators •and 17,000-kVA water turbine-driven gcncrat<)K." 1 
In spite of the -Juter jxVition of the great war* the progress has 
Ux*n maintained, and now* in 1921 we hav# 40,000 kVA single-unit 
stftinf turbinc-drivei* alternators 2 and $2,500 # kVA water turbine^ 
daven alternators. It >vould* however * appear that* a hjfb 1 ina/ 
shortly fxj anticipated, ewn if it Ik* only temj>oi arily. 

But as pointed^ out by l)r. Han<% Helm Kscjieiiburg a s* long 
ugMis 191 1 , the re^J ,# modemV ^development in clert^jpal generators 

<***]ourn. J Vol^45, p. 3I9.\ % ^ 

* And i# rare ras#^ eveif higher up io *>0,000 IfA' A* (Connors Cr*x*k station 

of the Detroit 1‘dupm Co ) and 60.000 kv A (Rheini.scJ? VVVstfalisohe kraftwerke, 
Cologne). y J * 

* ** Charak ten jcho uud mechanise he l*igenseha%eri inuderner ’(ii*v?iniloren 

insbesondere ^tdxrr Tourenzahl," Turin International Congress. 

SegT. 1911. ? * 
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k not do njupli the output •and si a- of machines as the disappearance 
of the limit at irihs v^*ro formerly regarded as restricting the 

jx)Wer that colild be deteloped'/y pole * aryl this has fyeen entirely 
due to. the demands of tfie steam- and the water-turbine. Two-pole 
alternators f^r ,12, 500 *kVV or more# at 3,000 revolutions per min/ 
\nd a frequency of fiO are now in use, andSnachines of 16,000 klY 
(20,000 MV^A.aMy ^H)wer-lactf)#) *at the same speed are propose^ 
in 1021. On the other hand'low-speqjl alternators and continuous- 
rurrent gnieratorsVive again to a limited extent been called for 
in connection with Diesel and sexni-Djgsel oil-engines? * 

In spite of continuous and costly ex]KTimenthig the directly- 
coupled continuoiis-cujftenl turb^ dynamo ha* succumbed to the 
medium -sjxvd generator ^ chi ven by the ^stefim turbine through 
‘mechanical reduction gearing, or! to the competition from the 
rotary converter fed from an alternating-cuwent transmission 
system. The output *o( the continuous-current machine remains, 
thereto**, far below that of tjie t tirbo alternator, and seldom 
exceeds from 2^)00 to 3,000 k\V. Neither the homojnilur 
dynamo nor 4lie asynchronous induction generator can lx* said 
to have found more than unlimited use in special ca^es up to the 
present. • 

% ln conclusion, it i^ay safely be predicted that in the future as 
in the past, the course of electrical design arid the type of machine 
will, in the main, he determined by the economical and technical 
considerations which givern the power of the most fa voured* prime 
movers, unless some new form of using and distributing electrical 
energy, as c.g. at telephonic or even higher rfrlyucncies, assumes 
commercial importance. I 

Turning to the present revisioil greater space has been devoted 
4o tin* treatment of the K.M.F qf lie dynamo by vectorial methods, 
the flux-curve of the fielil peing iissumett to be rgsoWed into its 
fumfamental and harmonics, The theory of armatilte winding 
has also l>een re cdhsidered and expanded^-m botl^he above cases 
the new treatment being largely inthicnTcd by the pajxrs of Dr. 
V V. Smith, publish**! in t^e Journal of the Institution of EAeltriPat 
lingittNqt^ In the l;i8t •edftion* ^he drum armature < hav^fg 
almost gitTrely superseded the ring firmafure, but littl# reference 
was limde to the latter ; ing^e present edition tlte drum armature 
in Its toothed^ form is gi\*cn still .greater jtr^Jominance to«Hte 
practical Exclusion of the olderVn^ot^core armature. Yet not < 
to flic extent that could have bectyvished^ It must be*jonfei5e& 
that a tWtiory of the 4J.M.F. df Uie toothed drflm which will be 
complete find take into account ripples in th&K.M.l\wave and all 
minor plfenomena w^tHPrigid accuracy Has ijpt jet bi|n presented, 
or, sc^far as the writer is a wart* worked cjit in a similie form. Jn 
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consequence the student has still tp typmcli tin? fundamentals 
of design through a theory of an ideal marine .which presupposes 
a steady and unvarying field, fc) that i^any of tho statements 
•diMuced from it are only strictly true of a*smooth-core ^mature. 
♦IJie writer has, therefore, coined himself an ehdeavour-, 
Chapter V at least, to indicate thy diftHmlties«of 4he problem by a 
“fuller discussion of the actual physical causey of an induced K M 1 ; 
Keen if the vievPs there puf forward prove be mistaken, it is 
hnprd that they will re direct the attention of vngineering readers 
to a fundamental and most # interf sting portion of tjie subject and 
suggest new lines o£ thought ryo*e in Mnsonawv with the theories 
underlying the modern study of elections and of the electric waves 
with which radio-telegnfphy deals. * • ^ 

As the starting P n int for the elementary theory of the electric 
machine, whether as dynamo or motor, is nowtplaff <1 the mechanical- 
force equation ; the “ watts jx-r rev. per min.” being th<*{lecisive 
guide to the size, cost and value of (he rotating machine, it is Indie ved 
that the torque — resisting or driving- should be {{rated as the 
primary and most fundamental projf^v, and that the equation 
expressing it should on this^iccount take precedence of the h.M.F. 
equation, which can be derived from it by mcaiys of the principle 
of the conservation of energy. Hie logical (mduction of the usual 
equation for the K,M 1\ of the continuous-current heteropol.it' 
dynaiyo has also been given more attention 
Other ncwPmatters that have Urn added in the present volume 
are a section on tlle^scillation of a mechanical system as affording 
an analog)' to tltb elecfrical effects of capacity and as bearing on 
the critical whirling speed of shafts and the running of alternators 
in parallel a discussion of t luf compressive stress on the mierfc 
plates in high-speed commutators-- an analysis of the unbalanced # 
magnetic j^il! when a rotor is displaced eccentrically to thc*bore 
of the stator— -commuftiting poles and their leakage flux and the 
winding of sliU.Tf coils with two sizes of wi§p. 

•The symbols havp been altered throughout to agree with those* 
rqpinmended by the Intern.ft^nal# frotcchnicaj ( % oip»nissio?f 
anti with the list publiAied And adopted in Papers on the Design 
of Alternate Carrot Machinery by Messrs. Smith, .Neville,* *pd the 
pj^ent writer. It fs hopcd % that lfy*this change Raders will be 
A enabled to pass readily a»d w*thyut hindrance from ihP one book 
ot^cr. # * V • • # 

Mr. F? Wallis having l>ccn TintHe, owin£ to other caks on his 
time, to take part intpreparing either this or the last edition, the 
name of the present writer alone' appears on the title-page. In 
so extensivflfh revJ?;ioiT, nmder takey single-handed in the intervals 
of* other vrt>rk, man^JUips fiave doubtles# passed undetcctgl. 
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ami mistaken must hUyecrqpt in for all such tne reader $ indulgence 
mt*-st again 1# asked. % * • 

My thanks are due to^the several firms aftd companies who have 
U'fn gorirTl enough to furnish photographs for repnxtyiction or other, 
Yi formation acknowledged in the text* to Mr. S. Neville iyc^ 

' valuable *^ritu isqps and suggestions, and lastly in especial to Dfc 
S. 1*. Smith ‘foV kindly und^rtaicifig the onerous work of reading 
the greater ^part oMh« proofs. 


I.oNOON, 

Kovtmber, 1921 , 


c. c. y. 
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.1 • . • amjKTrs or aiv.^ 

AT . * ampere- turns. 

A J\ . of d< magMeti/iffg or tun k ampere-turns of 

foniimtoiN current armature* (( hap. \vi, § 4). * 

Al \ ampeTe-turns of excitation over hvdf length tf r 

# # path in armature* ce>rc. * 

A I f amjvjv-turns of ex< itathm <1h a half magnetic 

circuit or per pole p l*ap. wi, ij 2). 4 

ATj ainjH ie tmn^ < >f excitation over single air-gap. 

AT m . anipeie turns nf excitation ovfr oye lirlel magnet 

cole. * 

AJ t . . ampere- 1 > 4 ! ns of ex< itation over length of one 

"""i* t . 

Al \ . . aiu(HTe -tilin'* of evut.ithin nvei half lengtlf of 

path in yoke. 

/17V# . half of ampere turns of excitation acting between 

* poli-picces p leap, w i, $ 5). 

AT k limnetic pote ntial <A commutating pole fa< <*• 

A l Ul . 'ampeft -turns e^f se rie s winding jkt pole. 

A 1\ ... ampe re-turns of shunt winding per pole*. 

a ... number o{ pairs of armature paths tji'Z (Chai^. 

. x, >•/)• 

w 9 ' t I 

% projection at one end of armature* he yoinl pen fat e*, 

sectional are*a. « 

a c - twice sectional are a < »f armature eon; l k low slots 

• • * in jKjuare centime:tjes. +* 

. . . sectional an*<% of ifir-gap in*sejuare. # centiindres. 

a m . ^ sectioltal afeaof magn<|t-ce>re in square centimetres. 

a v ... % twice sectional are*# of yoke-ring in s<p i ;ftg . 

a* “ pft>jection # of stnfigiA armature 4 car fn>m slot at 

* one mid feq.,83 anel K4). * + 

Iff . . ampore<e>ntiucte»rs jm*i unit length v f arnUituie 

• circum fere n«\* • t ’ • 

al ... ™ sj^itic ampere-tunis jx_r cm. length e*f pa tit. 
at t ,at m ,al v a specific ampere-1 urns pi|r cm. length r>f path in 

* • armature cor^ t magnet core, tooth and yoke 

r<^w5ecjiv*ly. 
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% • . . 
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X, . • , 

^ MI 

roar • 

M If *v 

H al , IL*. //, 
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magnetic inductipn or flux-density* in C.G .$£ fii 


lines 


I>er 


flux-dJkity in lirmatunf core below tq?th 
flux-density in air-gap. 1 
' fluV -density at |K)int,x in air-gap. • 
fuaxjimmi instantaneous rf!tx -density in air-ga 
«'lt u j M )i f xvi, $ 7}. 

maximum flux-density in air-gap, averaged over 
a tooth-cycle or tooljppitih (tlfup. xvi, § 7}. 
average flux (lenity in % air-gap. • ‘ 

fundamental and harmonics ofc flux~dendty 


<f.n. . 




etc. 

curve. * 


II, . . 

flux density « slut. 


th ■ ■ 

. tluX'densitV in teeth. 


n; ■ ■ 

tfncorrected flux density in teeth 'hap. 

XV), $ H). 

l<n ■ ■ 

tlu.f-devsity in teeth at top. 


H tt 

flux density in teeth at bottom. 


H* 

flux-density in voice. 


H m 

t flut density in field magnet, 
bending inoiifT-nt. 


H. • 

equivalent bending moment. 


b 

thynpuig force per unit velocity (t hap. 

VI. $ £•<). 

K *- 

breadth of arm of hub. 


I* • 

ratio of |>ole-arc to pole -pitch. 


s 

C . 

capacity in farads. 


* 

no of coils* or of sectors tit « mtinuous-rurreut 
machine. 

c . 

ditto in parent machine (('hap xti). 


« • 

half interjrolar gap measured on the 
circumference (lug. 2.S2) • 

armai me 

*" i 

•- no. of coils or sectors jxt slot, 



latin of excitation of air-guf> to excitation over 
half magnetic circuit, *ATJAT f . 
controlling fyree per unit disnlauement (thap/vi,* 
§ 2$). • 



diameter of arfiaturo. 

distance Ivfwi^n adjacent rtit^connectors in* 
r * barrel winding tyq.*83 and 84^. , 

— diameter of journal ii| indies. 

« diametef cf insuhitfd wire. * • 

— deflection of shaft or displac<\ient of armature 
core fr$m centre. « * • 

« total thickness of insulation on *ire. ^ 
dittereijce of temperature *.j 
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♦ t ' * * 

E . . .*« modulus of elasticity v 

Ei . . . -= moduli^ of elasticity of *)pj>er. * 

E m . . * . - modulus of elasticity of 'mica. 

t, E, E . instantaneous, Virtual a/*d mflxiijmm instantane^ 

8 ' oug valui*of alternating K.M .^\ in wJts. 

|V #< /f a . instantaneou and virtual value of K.M F. gen* 

• # crated per phase in alternator armature. 

e v E, instantaneous. virtfial, aftd maximum value of 

* impresari alternating f'Jff.F. * 

( r , E r , E, ! instantaneous, (virtual. and maximum value of 
* resultant or active alternating -K.M. F. 

<V E, - instantaneous, virtual, and maximum value of 
KMF. of self-induction. » 

c/, /•./, E/ . - instantaneous, virtual, and maximum value of 

* • K M.F. consumed by self induction. 
i ... base of natural logaritluifv 

angular difference between mil pit< h ;ftid |x>le- 
pitch (t hap. ix. * 12). 

r/ hy.steretic coefln ieiy (( hap. xiv, $'H). 

efficiency. 

angle of fag of displ.e ement behind applied force 
(t hap. vi, tj 211). * 9 9 

compression or expansion of commutator copjx*r 
and rings (t hap. xui, ^ 2d, 27). 

• ' f 

• 

/'... mechanical force. 

E c . . # trttal centrifugal force’ summed up round periphery 

of cylinder p hap. xiii, $ 5). 

I iC . centrifugal force of whole commutator. 

/ . . . frequency in complete |x*riods j m t second (( hap. 

• . viii,*^ 5, and ( hap. ix, {j d). I 

* H.KJ-. of .S and />, i e. no. of rejx-titions. 

j r ... centrifugal foice j« i unit aic of cylinder. 

/„ ... centrifugal force jxa sector of commutator. 

\ . . . - safe permis^ble sljcuffing stress. 

... safe ifermi^sitlle tensile stress, 

t I 

g ... * acc eleration due f/&g/avity. * * # 

~>efec trical crtigle of displacement beUv^n two coils. 

• * * • f * • 

// . v* . --- magnetic (Inference of potential ifi (Mi.S. units, 

* * or magnetizing intensity. * 

H v . . lots by hysteresis in watts (oq. 97). * 

h . .• ~ tpeqific ftss by hysteresfs in joules jkt cycle per 

• / * cop. (c<j. 96)? 

<L -“‘ heiglii of copper corpinutak>r sector.. 
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» I l,C.F. between and C, i.e. the no. df independent 
* wind^gs ^Chitjj. xi f § 9j. 
thickness 4 of arm of armaturj hub (eq. *59). 

* radial depth of armature core below slou. 
depth of slot in toothed arn^ituie. • 

'••winding dep^h bet /een wedge and bottom of* 
•Jof. • f 1 

drptli of wooden w»dg^ in slot, 

• 

monleht of iueiti^ m 

instantaneous, virtual, and maximum values of 
alteriviling uirnlit in ampere*, 
total current flf conlinuous-i uriVnt armature. 

• < pi rent in external circuit (R M.S. value for 

alternator}. • • 

slum! <*ujn nt «»f continuous -nit rent machine. 


j 


K 


* 


A. 
A? 
A a 
A, 

k\i 

4 ['■' 

* 

k 


kj 

^tie 


virtual ,iiM|HTes in any one tondu<t<>r on 
« ariiMtiue. 

inleiisit v of mai;ueti/atu»n. 

• 

♦ 

v<4tag| f.ietor in l\ M l'. equation (iWA) of alter 
nalor (< hap. i\, $ IS), k f . k\ t . 

■ extension metlicieut for air-gap length M bap 

xvi, fcg). • 

latio of iron } .hr in net iron (eq, 117? 
inefficient Ur interpojar fringe^ hap. xvi, * da), 
coefficient for pole^lank friflge (< 'lf!ip. xvi. 
coefficient fi *i air bluets (< hap. xvi, $ <>< ). 
kilowatts, 
kilovolt amperes. 

t . . S,, w 

■ heafjng coelfu ierit r- (Oi#p. xvi, Hi), = 1 

ratio of average tv> maxinfhm flux -density in air- 

gap # - 2/%fnr sinusoidally dUtributed field.* 

• ratio of ifpjtlieit to cutiir.il ^undamped frequency' 
(<*hap. vi| $ £*). # • 

■ fo«\i factor, ^ ratio of R.M.S. tofciverage value 
# f of a v arying quant i * - n / 2 \* 24 >r sinusoidally* 

varying quantify, 
d iff era dial factor. 

diHerenUdl facto? of continuous-current armature. 

- differential factor with siniisfydally distributed 
field (tliap. ix, Ji 1 1). * # . * 

pitch differential* factor of^roil ror fuitylame^a^ 

and harmonics of tftix^uw#* (eq. 2d). 

• • 
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r ' * 

♦ 

gross length oiyamudure core. t 

axial length of *»nagn(t, bobbin. & 

. # . : ~ indirtance in henrvs. 

width of pole-face along.axis.of \u mat UiC core ' 
net fxial length of iron in annatiire core, 
length of tuiii on outside magnct-cgil. 

.« length of magifetie path in armature -core in cm. 

. ~ 4 length of«magnetic"path /lirough single air gap. 
length ctl nragnetic path tljrnugh bne armature 
tooth ' * 

. * length of magnetic ruth through one magnet cote, 
length of magnetic path hi yoke, 
mean length of exciting turn ^ 

mean length of series exciting *uin 
* mean length of shunt exciting turn, 
length of journal in inches. 

- length of en<k( oune< tor at one md ’of drum 
roil |eq. K4). 

axial projection unwinding .it one end of baireb 
wound fhum (nj. Sdh 
angle of lead of blushes. 

i at in ot pitch ftf etui to pou'-pib h (i hap. i\. .'•12). 

mass. f 

. • . 44 creep ” per coil haver-cd in Iciiiis n! soctois, 

ajp (('hap xi. \ 1 1 h * 

, ludf T 4 itch of armature winding im asmed on 
cireumferenK' (t hap. xiii, Jj 22 1. 
permeability, 
coefficient of fiirtion. 

electrical angle of displai cun nl betwv4u < oils* 
ii^ continuom-cunrnt winding (t hap. \, $ H). 


N . 

* C 

numlMT of revolution-, per minute. 

>; • • • 

total nutnbju of tyl<\mggiirt coils. 

A'o • ■ ■ 

< rti< i*J sp«ed % of self-ex« it. it ion (Help. \vn, $ 1 1 ) 
number of phases^ * 

*.»■ ’ • 

•V. • • 

jynnlxT of linkage* of «elPihrJured hues with 

* 

9 circuit. *• . * -% 

Jt> • * ■ 

* 3mmlH»F of jvvMutioiis jM-r nmnd. # 

«. v. 

■= number of aripsjn arm^ituje hub. , 

- mynber of conductors Abreast in one layer in 


•slot. 


n 4 . . .* -- nu»i£>cr*of air-ducts in arnfature mre. 

. .** . —‘nuniiicr ofJaye?s of con dy< tors in a slot.* 
v . . f := lea&fgc •coefficient 
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ft 

number of jx>lesy 

- load o*1>earing # m pounds. 

total uniform magnetic piill f sumiiied up all round 
, ^rmattire (eq. 9Sa) t 

Resultant magnetic jful! on|onedialf of armature 
when its value is 'non-uniform (Chap, xiii, $ 5). * ( 
magnetic pull alb round armature if supposed to 
l>e utiiformty at its maximum value, 
pull due to trunsinittedi torque (Cliap. xiii, § ft), 
unbalanced magnetic i>* 5H (eq. 101 j. 

’|x*rmean<v. # 

leakage jierineance. 

number of, |J»le paits in hytero}>oIar dynamo, or 
• numlHT of polar projections in Immopolar 
• 4 " •rnator ((“hap. viii, $ 5), • • 

intensify* of pressure in pounds in square inch. 
2nfl\ (Chap, vi, $ 2d). 

- munber of* pole pairs in parent mavhine. 

- maximum abnormal pull due to detlection of 

yoke ling jmt radian (( hap. xv. * 10). 

• 

inMaihancoiis, virtual, and maximum value of 
charge on condenser in coulombs, 
number of parallel paths through armature 
winding, jh i phase in an alternator^ and * 2 a 
in a continuous ( in rent machine, 
number of vectors to be jddifl together (Chap, 
ix, jj 12). 


FP tadius. 

, • i resistant e in ohms. 

R a resistance of armature in ohjps. 

R b . . resistance of brushes in ohms. 

. , resistance of a connection lx* tween brushes of 

same sig^(( i |iap. ^ii, Note). 

A, # resistance of extertfd yircuitf in ohms. 

A m .• resistance scries winding in ohms. 

A r ? . jr&tetanrc ofc postal in ohms. * 

R $ • resistance of shupt winding in ohms. 

R 0 , A*, A, outer, mean, and •inner radius hollow •cylinder. 

R p . . radius to pole-face. , 

- magnetic reluctance. * 

. - magnetic reluctance of armature. 

'A 9 . magnetic reluctance of ttir^ap. • • 

o#i . •. - magnetic reluctifhce of leafage paths. % 

magnetic reluctance of freUMtagnet.* 
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radius to ccntife of prav^tv. 
radius of arm &. hub (erf 69). 
radius to nave of hub (eq. 69). 


• P 


» . 4 . 

s| Kiltie elec If iral resistivity? i r. resistance between 
opposite fac^s of fi cm. fuUr in oluos. 


nuinU*rt>f >4of> or te*th in toothed \mnature. 

' ditto mqiureuf* machine J( hap. xii, 5). 

>‘ f ... * cooling surfuqp of %]d magnet bobbins or armature 

(Chap. xvi, $ 16b * 

s a ... stress on material of .armature cole due to centri- 
fugal (one and magnetic puU (i f <p <>6) 
s 9 ' * * sttess on material of ainu^iire coo* at junction 

with arm (eq. 67) » 

s r ... stress on material due to centi ifugal force. 

compressive stress on mniuuilutor inpj>er and 
mica (( hap. xiy. * *29) 

s h ... bending stress on arm of hub {eq. 69). 
a space (actor, ratio of eop[>er volume to total 

volume. * 0 

ratio of 1 iii.i 1 to initial displacement in oscillatj/^f 
system ((‘hap. \iii. 10). A* 

# ratio of wound arc t<f pole-pitch ((‘hajf xviii, 

* 4). 


V . 
1 1 ’ • 


numlxT of turns, 
torque. 

drix mg tension in belt, 
turns of coil. 


T, 

turns of field-magnet < oil 

* 


T. • 

• 7> • 

fHTiociic time in seconds, 
.periodic time of foreed 

oscillation 

in seconds 

% 

(Chap. x*i^§ 2 \\ \ # 

* 


T„ ■ 

twisting moment of^haft 

(«!■ «*>V 


.T, . 

% number of series turn*, 
number of shurrt^ftms. 

1 

% 

r . 

temporal fte. • 

* 4 


! . . 

'number turns in mil. 

or of active 

( onfluctors 


tn one lxdt* corresponding to one poje and phase 
.•on alternator armature (Chap ix, ^ IS). 

?ime iq, seconds. \ 

V of winding of bobbin. 

= ^temperature. 

— tooth-pitch. • 
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V 


ij umber yf Gr>ii-si<&s or dements in drum winding 

* 


(Chaj f.rfi, $ 5)< • 

u 


number 'of coil-sides per slot fin torched Armature. 

K 


* * # 

ylority mi < in. }K:r jeeoml. * 

»'* 


voyage at b^ftshes. 



volume of iron inVa in 

i. 


voltage .at terminals of «\xtermd %iimit (RMS. 
value if alternating). * , « 

V, 


exciting- voltage. * * 

V 

• 


jVripheral sp#-ed <J journal in feet per minute 
(( hap. Mii, f S) 12). 

»'* t 


linear vejodty of rent re. of gravity. 

• 

n\ 

<• 

waMr.. # 

ii' 


weight. * 

H'. 


- weight of aimafuiV. 

IV,. 


weight roneentrnted at one point. 



weight districted along shaft. 



weight of pol»\ § 



WiMght^of eomplete yoke-ring. 

rr 

t 

weight of unit volume. 

width of ventilating aii dint in armature rorc. 


. 

width of slot opening. 

ir, 


width of slot. 



width of tonjh 

u ’n 


width of tooth at n»p. 

h< ti 


width of tooth at bottom. 

A'* 


react. tine. , 

-V/ 

* 

ampeie turns <>f excitation on one mhguej nivuit 
or# per pair of poles, 2. Nf ,. 

A*, 


ampere tiyns a* ting between pole pieces '2.1 / r . 

V 


^ pole pft< -Ii, / • • 

v 

• 

total or resultant pitch (Gtap. \. $ t>). ^ y t f 
algebraically. < 



ttpnpotential* pit'll (Chap. xn, ^7 It). # 

>'r 


•front pitch of armature winding commutator 

end in elements ^Ctyip. \\ $ 6)f * # 

r« 


back pitji of armature winding in clelfients 
(('hap* x. § (■'). « 

y. 1 

• 

back pitegti of armature finding in sjots (('hap. 

x>, 5 12). ^ • * *• • 

y* . 


average pitch, or pitrh iir comnuitatoT sectors 

i • 

• 

(Chap. x. §«8), “ y/2 - i (v, { y,Y • 
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phase-pitch ii 
pha^s. 


armature winding pjx-vi for A' 




<l>r 

4> 


4>o 

<t>, 


v. 

O) 


to, 0^*0) . 


modulus of station. \ 
impedance* 

total numbc? of covductorff on armature, 
number of conductors j>er sfot. 
magnetic flux, nufnber <fl C.Ci.S. lines, 
total number of useful fines passing through one 
pole-pitch mto armature core. 

* total number^ of lines entering armature of homo- 

* polar alternator within the j>oie-piuh {Chap 

* viji, § 6). * . 

flux linked with loop or an nit* * 

« fundamental and hammnicsjif flux. 

total iuiiiiImt of lines u.Vsing through a magnet 
core. . ** 

total flux of one commutating pole, 
angle subtended i>v pole face, * 
angle of lag or lead of alternating current or lCM T. 
angle of lag of armature eurient Uhind h.M.F. 
angle of lag of external current vector Ijghind 
terminal voltage. 

useless lines entering armature of hotn^fpolar 
alternator beyond th«*pole~i)itch (Chap. f\\\, §d). 

— rmmlxr of leakage lines in one magnet cinuit. 

; *hsefpl flux of one commutating pole, 
reluctivity (< # haj). iii, § 11). 

- multiplier in approximate expression for length 

of path in air-fringe (Chap, xvi, $ 0). 
loss fn watts per unit area per 1‘ rise. \ 

* angular width in radians of belt of distributed 

winding (( haps. ix. § 12, and x, ^ 12). 

■- angle* of displacement^ vectors (( hap. ix, § 12). 

* mechanicaj angujarwclocity in radians per sec. 

- resist ancp of unit length of oopjK-r of given section, 
resistance of 1 ,000 yirds of copper of given section ' 

* at 68 3 F. (20 

s ‘critical tvngular Velocity for whaling of shaft 

* « (Chap. xiiiy § 10.) 9 

- electrical angular velocity, 2ttJ, iitnftlians jwr sec. 


Note Clarendon (that is, heavy) letters indicate the maximum 
value of (|fiant^ies» varying in time. 
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| 1. Definition o! the dynamo. Tlu* theory of the dynamo is one 
among the manylneeting'points of electricity and magnetism, and 
in its use the engineer finds what i* perhaps the t hief industrial 
application of the two sister sciences. From thei^ union the dyn;ftno 
derives its chafartrristir dual nature, whid^ is ^-produced in its 
structure as a mat hint 4 ; for it may brpddly Ik* regarded as built 
up of a c.opjx r or electric portiyn and an iron or magnetic ]>ortion. 
The mechanical is, however, of no ]ess*mportance than the electro- 
magnetic aspect as shown hy the word " dynatnb -electric ” in its 
full h»rm. Its fundamental principles are therefore three in 
number- the medianicait the elect ri«al, and the magnetic; and 
its design is correspondingly based on three 1 ! unfit mental equations. 
The first two, dealing with the met hanical and electrical sidpsf*' 
both involve a magnetic element, but require- to be supplem, mod 
by thipl equation dealing solely widi the facts and mws of 
magnetism. 

The riynamiwiftiy be defined as a mathine in which a system of 
conductors forming pari of an* electric circuit is given continuous 
motion relatively to a magnetic field or fields, and so is caused to cut 
across the magnetic flux, or to he linked with a varying number* of 
lines ; an elyctromotiv! force is thereby induced in the conductors, S9 
that whe\t the circuit js closed a current flows, and mechanical energy 
is converted into electrical energy. 

$ 2L The dynamo aS a generator M electric pressure.- The 

function of the tlynamo is t prinKyil^ and ^essentially to generate 
% an electric pressures oJectYomotive Torre, and* to maintain it 
when the circuit is closed and a currcii flows. The entity.* circuit is * 
divisible at twR points, say, A a npV{, into tuwqx/rtions, the points 
,4 and D fornjjnjJ tlie terminals at* which the internal unites with 
the external portion o\ the circuit. Within the former, f which 
composes the dynamo, an electromotive force is sft up, which 
results in a difference of potential between ihe terminals A and D, 
so that the one positive or a{ a higher potential than the other 
which is negative. « WTfen A and l) a*rc joined by Ihe external 
portion <V the ^ircuit^ or, as it >» called for shortness, the#extemal 
circuit, a current flaws from the positive \o the negative terminal 
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in 'the external circuit and| frory the negative to the positive 
#?rmjnal within the d$ryuno it**lf. The potential would thus 
become equalized throughout the entire circuit, were it dot for the 
fart that the dynamo maintains the difference of potential between 
^vuid /), Which constitutes the voltage of till machine. Thus the 
• dynamo doys not gemote ehfctririty* any more than an hydraulic 
pump driviifg* a motor through a closed pipe circuit generates the 
water. Neither is it thy electricity that is consumed or lost in 
passage round the circuit, but the jrresltirc under whydi it flowys, 
just as the 41 lieatl " of tjie water it lost tn its passage through the 
pipe and motor, Only to be rcugwed l>v the action of the pump. 

,| 3. The output of the dynamo. The output, of the dynamo i^ 
t Inflate at which it develop* elect tic eneigy in the external circuit, 
i.c. it is the product of th»* voltage V 0 at its teiminals, and the cur- 
rent I 0 in amperes irfet he external circuit. Since the watt is'tnit a 
small unit of power, the output is usually expressed in units of 
1,000 watts, i.e. in kilowatts (1 11 1*? - 740 watts, so that 1 kilowatt 
neatly - 1$ ff.P.) . 

As the product of the factor^, volts and amperes, the same 
output may be dm? to many different combinations of the two. 
Tints for transmission electric eneigy over considerable distances 
marlines of reasonably high voltage are nquind, for traction and 
<fi :rt lighting machines of model ate voltage, while, at the opposite 
extnVc, for electro-deposition and other chemical or metallurgical 
process^ large currents at low voltages are required. •Although 
thy ir power may be the same, the construction of the machines is 
very widely different, owing to the cliffereni naTuws of the work 
for which they are respectively suited. 

| 4. The conversion of mechanical into electrical energy, and 
th& efficiency of the process. Hv tin' principle of conservation of 
t Energy ig is impossible that any form of energy caif be* created ; 
in any machine it canjmlv be transmuted tronwme form to another, 
and in the case of the dynamo in which elect rjpl energy is developed, 
our definition stales that the energy is supplied to [t in a mechanical , 
form, one portion of • Jlwffhinc •being continuously moved, 
relatively to another portion against # a resisting foice opposing the 
* motion. The movable portion pf the dynamo ma^ be rlfivcn by 
means of d belt and jRilley, or by i*>pe gearing ; or;t may K* coupled # 
directly to i\m main shaft of the, prime ipover, a» to the crank 
shaft «f a steam-engine or the shaft o{ a ‘■fleam dr Water turbine ; 
but whatever be the method of driving, the *inpu{ is mecfXlnical 
power which reappears ifuiiulv as electrical power. The dynamo 
is thus distiyfpiished from Wu; transformer^; in lifts there is no rela- 
tive motion, and the input is electrical pow<y*vvMyh reappears at 
a differeht pressure but f still in an* electrical *form. Tbe Vxtensiv^ 
tUe'ff electrical energy’ for commercial purposes has, In fact, bfen 
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rendered possible by reason of the case and cheapness with whn h 
mechanical energy can be applied to dri\Vsthe dynamo. Tin* co>v 
of the chemical materials which voltaic hatteiies uquire prohibits 
^iieir use on a large scale, while 'frH'tionai'uuvhiius o*niv yield veiy 
f small current?* at mc<<fivcnicAtly high pressures, so that 'it was il>< 
^•invention of the dynamo by f'aradaf in 1H31 which fn led the 
• way to already means for obtaining dectiicaj* Energy . .-vonomically 
and in a convenient form. , 

But in no machine can rf he. conversion otYneigy t:om one torni 
to another be canied on without some loss, by which is meant its 
re-appearance in a useless foim or in useless places. Apart horn 
the loss by friction* in the beat mgs ot tfie dynamo and fiom windage, 
there is a mressaiv loss from its V^al late ui development ol 
elect iical energy, owing to the abvoiptioii of po\yi by the cut lent 
in i ia. wing through the electri<al resistance ^ i the dynamo itself 
and to other socondai v causes. In < uns« <ph nev ol tlu so mechanical 
and electrical losses, it the iate.nl supply ol him hani< at* rueigy t o 
the shaft of the dynamo be one hoi st*poWer, t its output must be 
something less than 74b watts. Ni;veitheless, tin ' efficiency of the 
dynamo or the iati«» between the useful powei obtained fn*m it 
and the puwvi supplied i*o it median'nallv is veiy high, since in 
all but very small machines it is pi act it filly ' and cutumci^ially 
possible to obtain at least as much as 90 per cent, of the mechanic^* 
input, returned at the. terminals of the dynamo in its new fu\n of 
elecAical qiergy, and in large machines e\en higher percentages are 
usually attained. Much improvement cannot tlieiefore be ex peeled 
on the score of .cfitcien^y, although the dynamos of the future may 
be cheaper to construct. IndetM, of all machines yet invented, the 
dynamo mav rank as one of the most p< if<<t convert eis of eneigy, 
only surpassed by the transformer, in which, however, there is fto 
true con vorsign of the natmeof the energy, but only a transmutation* 
of electrical energy fyom one piessiiie to another. 
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Till-; MA0M-TK: CIRCUIT AND *!TS M*F.S OF FLUX’ 

• ♦ • 

| 1. The inductive • property * of the magnetic held and jts inves- 
tigation by an exploring *coil.« •With th*;* exploration of the* held of 
force suiiounding a m.lgiict or solenoid i>y means of an ideal unit 
N J>ole, and with its'mapping by hues <*t force, the redder will fte 
familiar. It is, however, with the inductive property M the magnetic 
licit I that the student <4 the dynamo is more directly concerned. 
Like the dynamic pioj>etty ifi virtue of whiefi a magnetic field 
exerts tone <fn 4 unit pole, this second property is a directed 
quantity, expicssihle at eaeh point h\ a veetot imvmg dilu tion, 
sense and magnitude. f'l. !►•-“ ** "I the unit pole, the appropriate 
instrument in order to investigate t it is the untt exploring coil, i.r, 
a single loop having an aiea*of one square eeutimetie conm < ted hy 
twisted leads t«f a hallistic galvanometer, the total resistance of 
the circuit so formed being one absolute ele< tiomagmti< unit of 
resistance on the ( Ji.S. svstem, or 10 y Mini. * 

I-eJ the loop he ^)JaAd in the magnet ie field due to a solenoid 
eleet i omagiiet or other eleetric ( in nit of which the exciting 
eurrivt can hi- made or broken or reversed, and let it he turned in 
every Election about its (Vntie, so that its axis oi the per^K iuli^ilar 
passing centrally through its plane o< cupies different positions in 
space. In each position let the exciting £iim^it # he broken or 
reversed ; it will then he lotiiul thatVxccpt when the pet jHiulicular 
falls in one particular plane, a current is induced and a certain 
quantity of electricity |*asscs which ran he measured by the ballistic 
galvanometer ; further that tins quantity Aries acctydirg to the 
direction of the pel pcndicular and leaches jj definite nfaximuin 
for one partii tilar diteetioii. J*his maximum occurs when the loop 
is itself in the plane whi» # n has been dcsctibcd as containing all 
jHisitions of tin' axis tjiut g^repio inductive efhVt, and wlren in ’ 
consequence tin* perpendicular is at rigltj angles to this plane. * 
| 2. Lines o! magnetic induction their direction, sense and 
number. * If the pint exploring* Joop is placed in any part of a 
magnetic fiek^\\yth its ptrpentla nlar ijr the pos'ti^n for greatest* 
inductee effect, and the quantity oi ehrtri/ity j>asses*th rough 

the sccoiular)' circuit of the loop and frallistie. ^galvanometer ^when 
the primar/oi exciting current is broken is oije absolute unit or 
one dectt-coutomb, the inductive property now under investigation 
is defined to* have unit uuignitude. Ex preyed ig tigms Uf this unit, 
its valuft at any spot is termed th£ " ittducticfc,'’ anti is sjynbolizetfc 
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The directum of the magnetic induction at any spot is that of 
the perpendicular to the loop whin in tluftyosttion that gives the > 
greatest inductive effect on nuking or breaking the exciting 
current. It is further defined by the convention that the sense 
of the induction is relied to 1 hat of the current in the &condar v**' 
in the same way as the for warn or backward ftioveinent of a right- 
-handed sc r ew is related to its station (compare Fig. i). 1 Tims, 
on breaking the primary, tf the secondary current is clockwise 
frgjn the observer's end, tbe induction passes through the loop of 
the exploring coil away from t ht v observer or in the same direction 
as from the face of the dial to the works of the clink. If a line 
be drawn so that the tangent to any point m it gives a continuous 
record of the direction of the induction as we pass from point to 
point along its length, such a line is culled a line of imitation, and 
if the process of* drawing it l»e repeated for all parts of the field 
an infinite number of such lines can be obtained. 

But as in the cum* of magnetic force, a eeitaiu numbe. of lines 
may now be marked out or labelled such’ that their density per unit 
area on a plane normal to their direction is equal M’the magnitude 
of the induction at that place ; they then become C.i/S. lines/* In 
a field of uniform induction if any surface Ih* taken on the normal 
plane the density of such lines multiplied by the 'ana of the surface 
will give the total induction pushing through it. Thus by nu-an;** - ''’ 
of the unit exploring coil the dircetinn and magnitude of tin* ir mo- 
tion ^an be surveyed, and a complete quantitative system « it ’lines 
be derived by a process exactly analogous to the mapping of the 
lines of force by a tree unit N. pole. 

| 3. Distinction between lines of induction and lines of force. ~ 

Whenever the space under investigation is a vacuum or is filled 
with air or other non-magnet ic medium, identically the saitfe 
system of lines is obtained whether the start ing-point be tfye force* 
on a unit pole or tl\r inductive property of the magnetic* field. 
'Hie lines of induction are linked with a current -carrying wire, 
j’ircplar loop, or solenoid when these arc immersed in air, just as 
f the lines of force; they follow the sirse paths, and are the same in 
number. Tire two syoteni* are not, however, identical, and their 
difference comes out when wv pass to tne interior of any iron mass. 
For the exploring Jhiop may be applied to investigate tin? internal 
state of an elecro-magqet.' Thu,s it 'may he wound oji tin* outside 
of the ir*>n-cor£d vlectromagner, of which the primary current is 
made%T broken as before. Or. if, need be, the coil Fad actually be 

1 Cp. QericJWaxweil, Treafate on Electricity cqid Magnetism, Vol. II, Pt. IV, 
p. 138 et seq^, and Jeai£, fiUtfriciiy and Magnetism, p. 427. 

# 1 At th^ Paris Conference of J900 tke term " tykxwell " was recot/i mended 
for jdoption t<? express'’ i unit of induction, or one C.G.S. line. 



6 


CHAPTER II 

* . 

buried in the substance of tjie iron so as to measure the induction 

at any spot when the primary ajn-ent is altered in value. It may 
even with certain modifications be applied throw light on the 
internal condition of tlft: permanent magnet. We are, in facj, 
4>1 e to trAee t brassage of the litu*s df indmtion through the mass^ 
of an iron magnet by*diie< t <*xperiii!bnt, whereas the determination 
of the litie^M Un&^wtthin the i-* only possible by ghenretioai 
and indirect methods. * • • 

| 4. Linas of indifbfion always closed curves. If now tjie 
explot ing coil be u*>« <1 t < » map out t4ie mduetinn within an iron-cored 
solenoid or permanent l>ar magnet^ it will be found that as many 
lines of induction [>ass through a section of tlu f iron taken at the 
centir of its length thei^ ate in its cxtnpal held, and that each 
lute within tlfh 14011 finds its appmpiiate continuation in one of 
the lines of the external field (Fig. 11). Kveiy line* of induction is, 
in fact, a dosrd ( in ve, It eithn loop-, loiind an 1 lcctiic cun cut 


^unmC a c^uvaf;'^ a 


Ion. I. 


or currents (and in this case may be entirely in air or "entirely in 
iton, or partly in one and partly in the otheij, <>i*it some portion of 
its endless path passes thmugh a pfc <v of permanently magnetized 
st oil or iron. Wherevei lines of induction iwie out of iron into air 
ot other non-magnet ic material, there a north pole is developed ; 
jind wherever they entet fiom air into iroit, a south, pole results; 
withimftie iron their direction is from south to north ; without it, 
from north to south • 

It will only here be m tessaiy to remind the reader that round 
a straight wire carrying atuelectric jjurrent, tht direction of ’the* 
lines is related lu the thrif t ion of tin? curret^, just as the direction 1 
of rotation of a right-handed screw is associated with thealircction 
of its forward or Iwukward inclement as viewed fA>m its head A 
to which the scrAv- -drivel is applied (Fig. 1 ). \Thgn bent up into 
a looty the sAnc relation holds, s^that if^hc current in,the loop 
be as shown «tn 4he upper part of Fig. 1 , the lines will pass through 
(he hx>p in file direct ioA of*the hofirtmtal anrows (cp. Fig. 2). This 
leads to the following simple and convenient ruft*— 

Curve the'right kind {ou&d the outside ofdhe ly>p ^keeping the palm 
towards j is axis , so that the directum of the fine of current is from 
fpe jurist to the tips of the /infers ; theh the eidstr etched thumb will 
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Point along the positive direction of the^incs within the loop, the N. 
fate from which they* issue being therefore *fyt the same side of Jim 
hand as tht thumb. f • 

•Similarly, when several loops are combined iu.a straight solenoid, 
% ij the right hand be curved rolmd the outside of t^e heli/with tl* 
^alm towards its axis and w^th t h# cuirejh 
flowing from wrist to finger-tips, tin* out* # ? 
stretched thumb will point towards the X fr»le 
or t cnd from.which the line# issue (F*. 3). . . * 

If the solenoid be bent Hmnd*until its ejuls V 

meet, or if a number of insulted ^urns aie *N L: j\ $ 
wound round an epdle^s ring-core of ein tilar ■ . ,.V 4 

cross-section, a toroid i>,formed (Fig. 5).« When 
elosely and uniformly o\vr-wound. the eiienlar • # 


lines ate confined to the section within tl* 
turns, and there are no poles. • 

5 5. The total flux ol a magnetic circuit. • 

In every t use t he lines of induet inn be i< feuded a eimiita! 
stream flowing round a closed path eifhei in air oi iniii, oi pat tly in 


one and partly in the other. Tliev mav t le-refoie be legal d< d as a 
magnetic flux passing round a eiiruit . Their t c^t a 1 numbei within any 
area mav breallt-d Wo* total flux, and the numbei parsing throughnnif 


area, t.t\ on tin f.G.S. system thiough one squaie centimetre, mi/-. 4 



I n,, i. I’lrhl 


i n. I f ield of tojoid. 




a 




plane normal to^hflr direction is the fhtx-dcmiiy al tTtt spot , the latter 
expressing being f^-'iioiiyipous w'jfti M Ihe induction " B. Thg lines 
of flu^in the cast? of the uniformly wound closed tumid, such as 
Fig. 4, arc endless curves withinMie interline of its ring«o#t\ whetlier 
this be made of iron or wood or simply consists of air. gVll the lines 
of the straight sqjcqpid or electromagnet* arg not, how<*ver, linked 


mith the entire numl*fcr of the (inciting turns ; some linc% t^scape 
from the surface of Ihe bobbin' without traversing its whole lengthy 
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Yet every line passes through thy coils for a greater or less distance 
in its path. And in thbsame yaw, though some of the lines of th< 
permanent bar magnet issue from or entej into the ifon short ol 
the ends, yet all p^ss through it? 'cross-section at the centre. Wi 
tjius reach the ^inception of a magnetic Urcuit through which a 
certain flux passes under a laagnet/miotive force, just as ar electric 
current fioV^rouiulnn eh r trie circuit under an electromotive force. 
Tlie expression " magnetomotive force ” requires to be further 
defined, and will be tound t o form- a ironnectmg link, bet ween (.he 
two systems of magnetic force* and induction. 

| 6, Magnetomotive force of apircuit. If any two points are 
take n in a magne tic field, and a ties* unit N. pole* be moved from 
one point t * » tlie* ot lit i along any line joining them, a certain amount 
ot work will Of: done, if t he* direction of movement of the pole lias 
anv component along the lines <>f fore e* of the held. If the- mot if m 
be* against the 1 sense of flie lines the work will be* done* on the pole*, 
or if it I n with their sense it will be dune by the pole. If the field 
be in vacuo or in air or othe r magnetically indifferent m« diuin, this 
work, measured in ngs, is the Vi ffer nice of magnetic potential existing 
between tin: two ends of the length under coiisirleiation. Its value 
is most simply calculated if the path chosen coiiu ide-* throughout 
its .whole* length With the diiectioii of the* lines of fon e ; thus if a 
Migtli of one centimetre be taken auvwle ic along a line 1 of force, 
nun the intensity of the field is measured by one* civile thioiighoiit 
the centimetre length, the work done by a unit N. pol** in Moving 
from one c*nd to tin* other against the fon t* will be one erg, and 
unit difference of potential exists between tln^tjvo end:. Or in 
g<*nerah if the* intensity of t lie field in vacuo or in air has tin* unifoi m 
value* //, and a centimetie length be take n along its dilection, the 
difference of magne tic* potential over that length is also measured 
*i»y«.*ic an endless line* looped round an e lectric canPnt be sub- 
divided into very sjnall elements, and the # successive differences 
of potential are calculated for each small element until the whole 
length of the path has been traversed once, the sum of their values 
or the lint- integral of the mfnejic forte is ralh-d'the magnetomotive 
foru along the* line in question. \Then Outline round which the 
differences of potential aie«int^gruted follows the ^lircetifln of the 
field, and the fuJ<Hias a uniforjn intensity througnout its length, 
the magnetomotive force is simply th* product ofdhc intensity of 
the field and the length of the lifte^a if we \aseMhe convenient 
abbreviation* of M.M.F. for magnetomotive force, on the Vtalogy 
of E.M.F. for electromotive force, we then ha\<p # 

M>LF. - ii X l f 

A strai^t wire carrying an elect rfc current cif whioh the jeturn 
Jpijg way off gives the fundamental cast* <*>iu¥*ting magnetomotive 



9 


THE MAGNETIC AnCUIl* 

% * 

force and current. If any one of the # circular concentric lines 

be taken of which the distance from tht^axis ot the wire is r 
centimetres, «md the wire be carrying A amperes .1/10 absolute 
units of current on the C.Tx.S. electromagnet if, system), the intensity 
of the field im vacuo or ill air ;ft radius r has the uniform value of, 
and its direction is throifyhout that of*the chosen line/ of 
which the length is 2nr ; the lmc-itrtigraf of the U»T«v is llftis simply 

, . 2.1 • Mir.-l 

the pr« cltie t of th«- twu, i.r lik • 2 rrr * . In the case 

% , • * 10r 10 

of the stiaight snlriiuid of Fig. 3, of whuh tly length / is great as 
compared with the radiu^ of it* cro^-scction. the' intensity of 
the field at a point, m it ^ inteiio: well at\av loin its ends is 

An AT . ' . . , 

y- x ^ where 7 is the total number of turns and ^ if the cuirenr 


in amperes flowing through th« m. Smi hnwpvci, tin- intensity 
decreases as wv approach tin- ends of theVoil or pass outside it, 
the magnet oiin»t ive fori •< of the <«fi) i> not easily cal'ulat<d m tins 
particular foim. ai;d the case must be "uniplihid h\ # bending the 
solenoid lound 'until its two ends inA t and a toroid is formed. 
Since the nnl now has no end*, tin- inten it v in its interior is tluough- 

• *477 1 

out the same as at the centre of the stiaight mil,oj -**■ x wluge 

1 ( I 2tt i\ 

2 nR is the length of tin- t iole eon* -'ponding to the mean iadie 
of theming; this length may be iiiiin. diatrlv multiplied by /’lie 
intensity to <H>tain the magnetomotive fom*. * »i 

M.MI-* £ . 7 r < -Ink - . A T 

Jt) 2rr/v r 10 


Thus the single rurrent round which the lines of the st might wire 
were loop'd is replaced in the coil by / turns each carrying A 
amperes. • , • 

If now afi iron con ijp insert m 1 in eitlnr tlie toroid or solcifoid, 
and its M.M.F. is to be determined by the imaginary opciatiou of 
taking a unit pole round a Circuit linkid wifti the coil, theoiy shows 
that certain precautfons are necessary i^iairyjng out the process. 
If a very small hole be tupp^stri tobi drilled along the direction 
of magnetisation at any place, and tlx* Lee unit pole be thought 
to the place in question, it will be a<J?*ljipon by a c^ itain three in 
dynes ; if on thc^itfier har.ff.jdic pu isinn into the iro^ takes the 
*forni of a transverse twt at light. jmflles to the direction of magnt tiza- 
tion, am^*the free unit pole be placed within the irtfirfitely thin 
crevasse formed b\*the^'ut, it will be acted on4>y a differen? force in 
dynes. It is the fornuir force, or the intensity)! the field as*measured 
by the unit pofc witfiir*the fhin tube or hold, wfcieh determines the 
difWence of fwtenfial fo?,cach smalt element of length ; and if the 
^pole be moved found ftve circuit through the thin tub*; once, th«^ 
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' work done will be the lipe-jntegrat of the force, or the magnetomotive 
ffjrce. For the exacf /lature ind reason of the above necessary 
precautions in determining H in iron tlu^ reader muift be referred 
to larger works 1 .dealing more fully with the subject ; it will tmly 
• lit re be addedfthat tfy value of It as fo4rui by tfie first -describee 
theoretical processes ideiftical $th the original intensity of ftic 
fiehl, //„,^u the smne toroid iif Air before the introduction of thf 
iron core. lb tire t fie eff< ft of the tum-asc in the number of the 
lines of induction as compand with*the original lipcs of forge in 
ait has been eliminate d, and thfl line-integral of II, determined in 
the above maftm r as indicqt' <1 by theory, for any dosed line passing 
• 47T 

through the ii on-cored coil ns— AT, or the time as for the hollow 

toroid. No difference in this respect ha* lnt u introduced by the 
presence of the imi yue, and in general the magnetomotive fore* 
of any /mil, whether irt>n-cored or not, is equal to 4 -jt/ 1 0 or 1*257 
times *lhe ampere-turns. 

| 7. Magnetic 'flux as related to the magnetomotive force ol 

the circuit. -The magnetic 'flux is related to the -magnetomotive 
force in such a definite way that tin* ^ittet may be regard* d as the 
cause of the fojnu**. The relative proport if>n <>f the amperes to 
tKe turns is immaterial, hut for the same number of ampere-turns 
4ije flux may be very different , according to the nat tire of the material 
(iNtyhieh a given eirc.qjt is compos* d, The quantitative relation be- 
tween the two, or the fundamental equation of the magnetic circuit, 
is most easily established by again returning the circular closed 
toroid uniformly wound over it s c whole, priiphery with turns fitting 
dose to the core. Since the lines of flux are in this simple ease 
entirely confined to the inside of the turns, there can be no question 
as to the area of cross-section of the rnagvctic circuit ; it is a « nr*, 
whvU^e t is the radius of the circular core. There is^urfl^r no doubt 
as to the exact path of the lines ; since eath is circular, t heir mean 
length is l -=* 2nR, whey R is the radius t ot the circular axis running 
through the centre of the (ore. Such a tor<yd therefore supplies 
us with the type of if peije*! magnetic, circuit. From its symmetrical 
shape, the flux-density ; cross any ifidial* section through the coil 
with which it is over won fid yuist be the same, a$d if r be small as 
compared with R, the ilmcjitaisity may be t^ken as uniform over 
the whole**uVa a of t lit* cross-<iocti5n. •The totftl number of lines^ 
is \hus ^ R x it, when a i4 measured iif square Centimetres. J 
Now when II is measured as directed in t he t preceding section, 

1 For tv full treatmont^Hd this itn<l other points in magnetic theory, s ett 
Prof. Swing's Magnet it Induction in Iron other 4!et*l$, anu Dr, H. On Bois’ 
The Magnetic Circuit ; and lor a flear rtoum£of tb6 subject within |jiort 
^compass, Prof. Fleming. Ike Alternate Current i mm sformtr, vol. I, chap. 2 
\2ad edit.).* 
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B = pH, where /< is a definite coeflkien^for a given material under 

i •# • 

given conditjons, and Him — A1 . Tlie templet e equation ft>j 
the.magnetir circuit in Us simplest form is^Jhus*- 


• § 


<D = B x -i - ^ ATix )t -> 


or if £ = lp - ////?. 


< P • 


1 - 257 / 17 ' 

^//<r 


(») 


$ 8. Equation of the simply magnetic * circuit Reluctivity 
and reluctance. — Till* denominator of tile allow fi art ion bears a 
dose resemblance to fhe expression fof t Ju* electrical resistance of 
a conductor, namely, A" = p//<i, where p is the sj^cific elect ricaf 
resistivity of the material of which the cotidqplor is composed, 

/ and rt being its length and sectional area** and considered from 
this point of view, the fundamental equation is seen to bo*of the 
same form as the well-known expression «for a continuous current 
in terms of electromotive force and resistance, namely, I H/R. 
The comparison of the flow of lines of induction to the flow of a 
current through an electrical circuit is mor<\ therefore, than a 
mere verbal illustration ; there is a genuine analogy between 4ie 
two of sufficient accuracy to guide us in the solution of many 
magnetic problems. The entire path of the liu« s forms in all rau-s 
a magnetic circuit closed upon itself, and having a certain length 
and area. Inrough this circuit under the action of a magneto- # 
motive force thcre # flftws a stream of lines, and this total number is 
the quotient of the magnetomotive force divided by the magnetic 
resistance or (to give this property its distinctive name) the 
relucUmce of the circuit. Titus analogous to Ohm's law for 

continuous cirrgits, 

* . E.M.F. 

electric current — 

insist a nee 


wq have 


• • • . 

magnetic flux or total jiufhber of lines 


M.M.F. 


reluctance 

• »• 

The magnetomotive force is proport idfa^to the number of ampere- 
turns wound rounjJ ttie circuit*, # and is the equivalent of yie internal 
electromotive forc^ yf, *./.,an elogfric battery. Both produqe a 
differenc^of potential, in the one case electric and In the other 
magnetic, which ts gradually expended ?j\*r the rcsisfance or 
reluctance of their circuits. The current or the flow o4 lines is, 
in fact, the rate of # chgnge mf the potentiarowr the resistance or 
the^eluctanqg. The magnetic reluftance of an entire circuit ^or of 
^any portion of it*, is proportional directly to its* length antf inversely** 
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to its area. Farther, ju$f as different substances under similar 
conditions have a different specific resistance or resistivity to4he 
passage of an elec trie ‘current, so the specific magnetic reluctance 
for unit length and unit area of cross-section, or the reluctivity (, 
,vaiies with different materials. »’ * 

f 9. Permeability and psrme&dce. Hie different resistivity 
various sfcostaivn may also lx ‘expressed iri converge terms by 
saying t hat all substances do not conduct electricity equally well. 
In the same way we may say that ail substances are not equally 
permeable to the passage of magnetic ihix, and this specific property 
of magnetic permeability is related to reluctivity as its reciprocal, 
just as electric conductivity is related to resistivity. In many cases 
of electric circuits it i>. convenient t « > deal with conductance instead 
of with its reciprocal, resistance, and in magnetic circuits it is still 
more common to speak of the permeance i at her thanni its reciprocal, 
the reluctance. The fundamental equation may then also he 
expressed as 

magnetic flux M.M.F. v permeance, 
n « 

the expression for the permeance being of the fonn fi.ajL Tims 
fi - 1 /£ represents the permeability or a substance through which 
magnetic flux m density 11 is passing, and wln-n in the particular 
condition implied by the fact of sta ll a flow of lines. 

the G.h.S. system the permeability of vacuum is unity, and 
for all non-magnetic substances, such as air, wood, co^jkt or brass, 
it is also sensibly equal to unity. The same, too, may be said of 
any of the metals, with the single exceptions of iron, cobalt, and 
nickel, and certain of their alloys and compounds. With these 
three exceptions, therefore, we are justified in ranking all substances 
as on a level, and in classing them as noil-magnetic or magnetically 
indif|‘rent. Even in the case of bismuth, whic h slyjws the greatest 
divergence as compared with a vacuum, (he difference is only in 
the fourth or fifth place of decimals, or as 0 99982 : 1. 

Hut within iron or steel the importance of /i may be judged 
from the fact that it* may f myiint tv as much as 2,500, and the lines 
of force amf of induction are not vecervaiily identical in either 
nimvW or direction. «. c 

| 10. Oonaeeuences frophfye relative permeabilities of various 
fUltftaaoos^ The difference 'between, iho^ high' pq» usability of iror 
or steel under certain conditions agd the permeability of air is of* 
the same order as that between the conductivity of $ilveiy>r copper 
and carbon. It is therefore evident that the t gredt contrast between 
the conduct i vat ies of nipt ah and bad conduct ers or insulators, such 
as indiarubber, cannot T>e matched by 5ny equal difference between 
the permeabilities of different ^ubstancei* There are in factor no 
r^\iagnetic insulators, *bismqfh itself ,*\v4ucft *ls the least permeable, 0 
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being only very slightly inferior tp %ir. \\Ticn # air, gun -me tab 
brass, or wood are spoken of and often usc^s magnetic insulatgrs, 
it must be*remembered that they are so only to a comparatively 
snjall degree. At the Rest their pernu ability to magnet ij ‘flux is 
, * only some two* or three^thousiiul times less than ^iat of iron, ami 
the worst this difference may; sink practically nothpg. Yet 
• it is not earthy that in spite of«his flu* district ion between the 
magnetic and non-magnet ic* classes more* sharply defined than 

between gootj electric conduttops and insulators.. Out of the throe 
magnetic substances the magnetic quality jd cobalt and nickel, 
though sensible, is not to be ooi^pare^ with that <tf iion or steel, 
so that practically tl^e contrast lies bet ween *81011 with its alloys on 
the one side and all remaining substaifa* on the other side. 

Next, it may be noted that the flux-density •bfainable horn 
an elecfromagnet with an iron core is iqudfc greater than that 
due to any permanent magnet, and belief the total flux^frmn an 
electromagnet is much greater than can be. obtained frftm any 
combination of permanent magnets, vvliCn both* arc of reasonable 
dimensions. Owing to this fart the magnetic field which must be 
present in any dynamo is now always produced by means of electro- 
magnets, strongly excited only when the dynajpo is in use ; so long 
as the ehx'trical engineer was dependent on permanent magnets 
for supplying him with a magnetic field, the powerful dynamos of 
the present day were impossible. 

§ 11? Analogy of magnetic reluctance and electric resistance 
not exact- -On one point a warning must at once be given as to, 
a vital distinction.bctweep the magnetic and ehetric circuits. The 
passage of an electric current through a conductor does not alter its 
specific resistivity ; it may raise 4 its temjK'iature and thereby 
alter its length and its resistivity, but when the secondary effects 
of trrnperat fire* have been eliminated or corrected for, the^esis- 
tance of the conductcr # has been proved to be.tlie same whether 
a current of a milliampere or of many thousands of amperes is 
passing. On the other Rand, the permeability of a magnetic 
sijistancc is dependent on t he •valued l hg induction^ or. in other 
words, on the density of the fluxVhieh i; is at the moment passing. 

It is not, therefore, a constant quantjfy.tiiid our definition +Lfi 
B/H was so worded as to imply fhaf Tl*e value of p could Vint be 
given unless at tlr same tjme £ wa,s specified. Further the value 
»of p for tin# same ^nfluct ion depends upon how that value has lfren 
reached, l&wd lastly, is affected fyy the temperature of Jhe iron. 

On these and other points more will be said* in Chapter XIV. 

f 12. Magnetic reluctance* : (a), in aerie* and (b) in fc&ralleL— 
The example ?>n which bas(‘d the fundamental equation of 
the*magneti« circuit wa£a clq ; sed ring of irog, of the same itature 
and of # the same bross-sciiioifthroughoutdts length. But«a magnet 1W 1 
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circuit may also be m^de «p of different materials having different 
permeabilities ; these , again rhay have different areas of cress- 
section and different lengths, while further they may4>c arranged 
either* that each line of induction in us closed path traverses 
'.hern in succession (t.c. they are " m serifs”) or so that the path* 
followed by some lines is ftifferenl from that of others, either 
tirely or at some portion of its length (i.c. they are *' ip parallel ”).• 
In such cases the Qnalogy'of the ekctric and magnetic circuits, 
although not perfect, yet is useful a# affording a ready clue J.o a 
mode ot treatment which is vefy dowdy correct in most practical 
instances. Just as tin- total resistance of a number of electric 
conductors in series is the sum of their separate nsistances, so if 
;i circuit or a post ion of a circuit is divisible into sections having 
different lengths, areas, and permeabilities, ami these are traversed 
by the same group of lines in succession, the total magnetic reluc- 
tame which must b.r overcome by the magnetomotive force is 
the sufn of the sepaiate reluctances of the different sections ; e.g. 

if l x a x fi v l 2 l 3 a 3 are the respective lengths, cross- 

sections, and pemuabilitiev of the different portions, their total 
magnetic reluctance is 

;.K ;Kj }- M5, 1- :H 3 !•/... 


/, 1% U 

! I - -i ... 

°\l l \ il tP% a *f* t 

Siniilaily the. total pehneance is the reciprocal of tl^e sum of the 
reluct ances, or 

1 . # . 

:-«t -b :*«, -f -b . . . 

Next, if at any point in their path the lines of a group separate 
and follow different par ts or sections of tin* total area of the magnetic 
circuit, the law which they obey is analogous to the law of electric 
circuits in parallel, namely, that the numbed of lint's flowing through 
any section of the magnetic circuit is the quotient of the difference of 
magnetic potential between opposite ends of /he section, and the 
reluctance of the section ; ihthice ^tVlso follows that when there ?re 
several paths for the lines and the* same difference of magnetic 
potential exists between theic ends, the total flu:* divides between 
the several paths directly ‘a* fheir permeance#, as determined by 
the respective lengths, iTOSs-sectious, and perfbeabilities of the | 
diffc rent portions ; and the joint permeance *the parallel paths 
is simply the sum of ^heir several permeances, *' 

* 1 1 1 f # 

• ~s^ ~ — b . ■ • • 

• i % • 

§ 13* Example of, a magnetic circutf with leakage.— As an 

^lustration of these laws, H ampertMUnfc^>e grouped entirely on 
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one side of a closed iron ring composed^)! ^curved electromagnet 
and an armjture or keeper A (Fig. 5, 1) : the arrangement may be 
likened to a battery, $h(*vn at its side, of which each coll represent? 
•a current loop, .and thegmds qf which arc jbined by a thiek piece 
* el copper wire R 0 : there is a ris-? of magnetic potAtial as ‘we pas? 
rtirough the loops from south M north! an«ih>ggus to^hv rise of 
electric potential through the cells of jhe b^ttely ; and since the 
ends between which there is^a difference of potential are joined so 



as to form a cl<*cd circuit, there is«a flow of lines or of JflTrent 
round the circuit which witlpn the triable tic or electric battery is 
from the -or S. fnd to the ~f r or N. end, but without Is from the 
-f or N. to*the - or S. eiuf. Lut at this point tliere rnW.rs a very 
important difference : as there are no in*uJators for magnetism, 
it follows that, if bejflrecn any two points there exists a^liffercnce 
two of magnet# potential, (Jiere will be a fldjv of lines between those 
points equal to the^lifftflznce of poy.*ntial divided by the magnetic 
reliance o? t tie patl* Whatever be the substance of which it 
‘ composed. The flux will therefore not •be confined entirely to the 
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iron, as it Was in Fig. 4. bib will pass across from the N. end of the 
magnet to the S. end through the air as well as through the iron 'of 
the keeper. Tlius there will be <l flow from, e,g. b to a, since b is 
at a higher magnetic potential than a , i.c. from one* port ion of die 
fhagnet to the <ATiei ; such flow w*)l incn.-ase as we pass 'away fropv 
the cent u* of magnet towards its ends, and will again decrease as 
we near the centre of the keeper! If, therefore, the Analogy be- 
tween the electromagnet and the battefy i* to be retained, we might 
regard the latter as immersed in a comlucting liquid or electrolyte, 
through which currenS may How across even from one cell of the 
battery to another in addition to lire external current through the 
wire joining the terminals. Such currents would be a leakage as 
t;r as useful, current in l< t is concerned, and in tin* same* way the 
flux in the air of Fig. 5, I, and in similar cases, is frequently spoken 
of as magnetic leakage, tray lines, or wade held from the point of 
view thai. only lines passing through the keeper m armature are 
use ful and desirable. The whole Illustrates the case* of two or more 
magne tic paths joined together “ in parallel " to form a composite 
magnetic circuit. And this 'leads to a second point which may 
again be* emphasized: it is that, owing to the non-existence of 
magnetic insulators,* it is impossible to define the exact limits of 
t her magnetic circuit or tin* various paths followed by the lines, 
except in a few simple* cases such a> a dosed toroid. Conse- 
quently tins equation w »f the magnetic circuit, which demands a 
knowledge of the* exact length, are a, and permeability outlie different 
portions of the* magnetic circuit, only admits an approximately 
accurate* application. In the ca-t* of tlu* toroid •uniformly wound 
over its whole periphery there* was no doubt about the* dimensions 
of the magnetic circuit and its permeance*, all the lines were confined 
entirely to the iron, and the* number flowing through any section 
aonnel it was identical ; there was, in fact, no (Hilarity and no 
" leakage ” of lines'* mt of the loops and across the air. Tire reason 
is that all (mints e>f the mg-core are* at tlu* same magnetic potential, 
since the magnetomotive force supplied by the loops over any 
length just suffices tb pass # thh tofaf number of lines through thist 
length. It may be likened N> a dosed lo< >p o\ wire in whidym E.M.F. 
is geitttfated, the amount* f^emrated per unit length of the wire 
being uniform throughout the filmic circuit ; a^urrent flows under 
the E.M.F.? but all points of the loop arc at thfe same potential, , 
since the , E.M.F. developed in anV lehgth just suffices ^ to pass 
the curriMt through *the*resistanoe of that length. c 

But now in the new case of an iron ring, in which the winding 
is grouped on one sidc. r only. the total magnetic reluctance of the 
circuit is a complex combination of the i internal reluctance of the 
cji giagnet. the reluctance of the armat:iry, a'pd the r^luAance of the 
external aif -paths. How, then, is the reluctance of the air* to be 
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calculated, since the paths of the lines ftirgugh it are so manifold 
and differ so much in their length ? They A»w not only from the 
extreme enos, but acros^from all points of magnet* so that the 
^mutiber of lines carried thejnagnet, aiul therefore their*fonsity 
Vjthin the iron, is continually varying ; a* it j centre they are .f 
itiaximuin, but thence they gradually h*a^ out <*i <\\\ sicW specially 
’towards th^ ends, so that a smaftej number passes through the 
iron of the keeper than through tin magnet. . Tile calculation can 
mo* readily be performed b\ cei^uin assumptions which are only 
approximately true. We must represent tins whole by an electric 
bat t ei v, bet wwn thg, terminals ofr whiok there are two paths, one 
of a low resistance and one of high resistance R, (Pig. 5, 1), placet! 
as a shunt to the other. • liar second iifiesrnts the reluctance (4 
the air, which is veiy high as compared with that rtf the iron. 

For the sake of simplicity, therefore, the ji httann* of the air is 
regarded as bring in parallel with the irluetancr of the k#cpn, as 
if all the lines passed l ight througlf the non t d the magnet from one 
end to the other, and then at its ends divided* inty two gioiips, 
some going through the keepei ami ^unc thmugli the ail, these 
latter being the leakage lii^s, which are thus supposed to issue 
forth from and enter into tin' magnet only it it^ ends. On this 
assumption, then, if ;*K a and :4i,are the j» hictamvs of the two pattis, 
aff irded respectively by the keeper ai d tlie air, the external 

y 

reluct af.ee, tying their joint reluctune m paiallel, is 0 

; h a t ;>«, 

and this is in series pith the internal ielu« tan< <■ of the magnet • 
'file total reluctaifce, theiVfore, <4 the entire, magnetic circuit is 


and the t^tal ftuinher of lines produced by a given numiy of 
arnpeiv-turns enciiclingithe cir< uit is • 
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where cfj i? the ^riprocal of tin* tntyl * hi< lance. 

is equal to / a //yr a , where / 0 , a 0 .1i*l jj a are tli^ mean ’length, 
area, and permeability of # tho*iron pf the keeper, and '4 m similarly 
-- lJf i m a m 9 Tin* •reluctance of the air-paths, ^ or fheir 
permcarSl* can he calculated l^v assigning ascertain mejpi length 
of path and a certain area of cross-section fo them ; nr we may 
determine experimentally the number ok lints flowing, through 
the middle of the magnet <P m , and the number* flowirg through t lie 
ke^er, <J> a ;*the difference betweefi the t wo^ <t> m - # a> gives*us <f> lf 
or th<; number of lines whiCh leak tlirt^igh the air. • * ** 
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On the same assumptions the total number ot ampere-turns 
required in order to .produce a given number of useful lines, <h # , 
through the iron of the Jceeper can also be calculated ; just as the pro- 
duct of* a current and -a resistance through which if flows givesnhe, 
htmiber of volt^whgh must be applied to the ends of the resist anpy 
in order to produce the curjent, s# the product of a number < f Isa<*s 
of flux and a reluctance through' 'which they flow gives thv difference* 
of magnetic potential whidi must ekist between tlie ends <>f the 
reluctance in order that tlie given nunlher of lines may flow through 
it, i.e. M.M.R - <l> K/ H enee the difference of magnetic potential 
whir'll must exist between V*h«* ends *>f the armature m order that 
<I> a lines may pass through jt is <l> fl v :H a VAirATy Jhtt this is 
id so the difference of magnetic potent i«t I •under whi« h the leakage 
lines an* assumed to flow ; rntiM quentlv, if we multiply O-AttA 1\ 
by t he permeanr.t: of t he air, t h»* product is t he numlx r < 1 h akage 
lines, wleeh we call (f> L the sum f ^ <l> m is the number of 
lines flowing through th«* magnet, and the difiVi.mv of magnetic 
potential required* to drive this laigei number through the magnet 
is ( l>„, x v‘ H m 0 *4 7T .‘1 /*,. Tto- total magnetomotive force requin d 
is therefore i)An(AT l { .17',) O-lrrd 7. 

{ 14. Example ol, an imperfect magnetic circuit with double 

&hf*gnp* Next , let the keeper be held at a little detain e away 
from the magnet, so as to interpose in the magnetic circuit two 
equal air-gaps, one at either end ot the keeper, with parallel facts 
and having a certain definite length (Fig. 5, II). «• 

At once the total flux produced by a given, number of amp< n - 
turns wound on the magnet is »euormo*.sly debased, owing to 
the high reluctance of the t wo air-gaps. Tire effect mav be repeated 
in tin* ease of the battery if we add in series to each end of tin* 
external portion of tin* circuit a dioit length of win* having a very 
higlvrcsist ivity* but of the sunt* diamctti as our ihignyd txterr.al 
resistance: these *vill reduce the total current, and the current 
through R i will bear q nun h larger proportion to the current 
through /v„ than formerly. since the two resistances J\ t and K, 
have become, ruoieMusjrU < 4 ornpafable. In the suite way tkv 
number of lines through the arrnaturi* is greatly de< Framed by the 
inter petition of the two ;fit-grips, Imt the magnetic reluctance of 
the rest of the^urrounding^ajrnenuin} the san** as before, and the 
number of lines therein will be the saniedf the difference of mag- 
net it potepti^l at the poles of t fie Aiagfut retrains the* same ; tlie 
proportion, therefor v^v*hieh tiny bear relatively to thc< number 
in the armature or to "the number in the magnet is very much in- 
creased. tlFTore, almost all the lines passed rouruj^the magnetic 
circuit entirely throligh iron ; pow, a muglf larger proportion go 
parti/ through the surrounding air, Th^ 7 wo ai^-ga^s beirg^in 
series with the iron of the keeper, the total reluctance of thc» three 
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is the sum of their separate reluctances? Borneo, i$ the reluctance 
of one air-gyp be and they are both eqfial , the total reluctance 
2!J( f -f must be sullstituted (or in. the equations for the 

• nufnber of ampere-tuny; or lines of flux. * It might be 4 bought 
that it would be easy to calculation., si^co rlre^xa^ length* of gacA 

# Sir-gap can be measured, as also the ex&ct area of the parallel faces 
of the ironVhere tlu* circuit is divide*]. Bqj here again a caution 
is required ; although most of the lines pass* straight across from 
fa<$ to face ftf the gap in tfn* fnyi, yet at tluv edges they spread 
outwards, and pass across by cuived path*. which hum a kind 
of “fringe," gradually shading ?«ff in'densijv. Consequently the 
exact area and length of their paths is jwt known, and an allowance 
for the fringe has to he flrade by tlu* aid of theoiy anil experiment. 

The imperfect magnetic circuit illustrated above, ift which tlu* iron 
is completely divided by two air-gaps is typical of the magnetic 
circuit in most dynamos. For the production of the E.M.F. there 
is required as large a total flux as possible, within a small space, 
arid produced with a reasonable expenditure <fl electrical energy 
in the coils through which tlu* magnetizing current flows. An 
electromagnet with an inn* eon* must, then hue, he employed in 
order to produce the field, and in older to olftairyas many lines as 
possible round a whole magnetic ciicmt or thmrigh any poifion 
of it. with a given excitation in ampere-turns, the length of the 
path glider consideration must hi* as sho#t as possible, its area 
large, and its permeability gnat. Hut we cannot have a dosed 
magnetic circuit entirely of iron, since there must be at least mu* 
and Usually then* are t\v?» air-ga^s in eadi circuit, to permit of the 
continuous motion of one portion of the magnet system or of the 
ehetric conductors alone or of a portion of the magnetic circuit 
carrying wijh it the electric conductors, relatively to the jest of 
tin* xvstefli. * * 



CHAPTpfc III 

tcik “classification of dynamos 

| 1. The two structural portions of "the dynamo. The variety 
of different forms which the dyyanio may take is wry great, yet 
in ail there may be tvaced the two structural portions which the 
final nature of the machiiufrequite-i, and between which there is 
to be relative motion. , * 

••There is, first, tie* // eld Ana g. net, the function of which is to serve 
as the path for*the lines of tlux constituting the field, anfl which 
is therefore composPd entirely of iron. It may usually be divided 
into tliret parts, and these can be distinguished in Fig. (>, which 
shows a typical four-pole (n lt-driVen machine of small size. They 
are: (1) the /nag'iU’t poles or cores (dd), on which the exciting 
coils (ee) are wound or placed* and through which the lines pass up 
to or away from the pole-pieces ; (2) tke “ yoke " (y), which joins 
together the pol»^< ol the magnet ; and (3) tlie poll -pieces them- 
self's (N, S). These latter by reason of their particular shape, 
cause the lines to issue forth into and pass through the air-gaps 
in such directions and •with such density as will best adapt them 
to be cut by the active conductors. * 

• Secondly, there is the armature (fi), which consists of a number 
of conductors — wires or bars -ahrto .t invariably bf cop{K?r, which 
are systematically arranged and connected in a definite and 
particular order ; in the dynamo of Fig. 6 they form portions of a 
large number of loops or coils of wire, t'fich of widely is entirely 
insulated from the structure upon which they are wound* and also 
from every other cdtl, save where the end of one coil is electrically 
joined to the beginning* of the next. Ju the active conductors 
K.M.F.'s are generated, ami by their grouping Are added togtdlul 
in series or placed in' parcilltl/or iy general brought into practical 
use at certain definite point* or " terminals ” (/!, D) tojvhieh the 
exterrtlfljciri uit is applied. Hylton we leave the sphere of theoretical 
diagrams, it is evident that ifbtive oviduct ois*must be supported 
in some waj^ and in most cases* the/ are *in prao^Tce wound upon, 
or eiftbeddul in slots in the surface iff, a "cylindrical iron* structure, 
which itself forms part of* the magnetic circuit and is travefsed by 
the lines of flux ; it is this structure of iron fq which, in the first 
instance, was given the*name of the ag mature or ik keeper ” of 
the magnet or magnets employ^! to produce tfie field. Thus^n 
the ordinary two-pole* dynamo the cy^ncftkal ar mature of iron 
[Rg. 15 ) mjy be likened td the “keeper" placed between the 
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two pole* of a. simf>l<yhofseshoc magnet ; but from its intimate 
connection with the electrical conductors which it supports, the 
term has now been ex/ ended to cover thf system of conductors, 
the iron portion itself being called the “cpre " of the armature*. « 
* | 2. Rotary fuotipn of tjhe active conductors or field-magnetirr 
The studeip will jloubtlrss, he familiar with the idta of ail E.M.F. 
as being generated \jy movement* of a conductor througlf a magnetic 
field so as to nit the # ime> of flux. Although more will be said on 
this subject in Chapter V wit h f ( special reference to the toothed 
armature, it will for b!ie present introductory purpose be sufficient 
to assume such " line-cut Wing "• as the source of the E.M.F. of 
the dynamo, since from t it may comply be obtained the 
t*‘*cessary criteria upon 'which to classify the several types of 
machine. * t 

Evidently simpler rci'ilinear motion of a conductor in one and 
the saint? direct ion across a magnetic field between two pole-pieces 
(cp. Fig. 30) cannot practically 'be maintained for any length of 
time, since thp length of the pole-pieces would have to be infinite 
in order to provide the infinitely long magnetic field. But the 
definition of the dynamo demands " continuous relative motion," 
and hence, when, tin* conductor has been mover 1 to one end of the 
magnetic field, its direction of movement must be reversed. We 
thus pass to oscillatory or reciprocating motion, first in one direction 
and then back again 411 the opposite direction. Such a motion 
would be obtained by attaching the active conductof directly to 
<the pist on of a steam engine ; it would give aifcE.M.F. alternating 
in direction, and if the field wen* of uniform deitsity the value of 
the E.M.F. would vary as the speed of movement, reaching a maxi- 
mum during the middle of the stroke, and reversing at either end. 
But the arrangement is not convenient, 1 since it is not easy to secure 
a speiri high enough to give an appreciable number of volt* with any 
practicable length <*f wire and density of fifld in the air-gap. No 
such difficulty meets us t wheii we have accotirse to rotary motion, 
and hence in all practical dynamos, without exception, it fs by 
rotation that «the “VmytimioTis rp&tivc motion" of held anfi 
conductor is secured, and an E.M.F. continuously generated. 

Tlurrjn log. CS the ticld-fnaguot is stationary its four pole- 
pieces, alternately N. and 5\, ifrc borgd out s<* as to embrace the 
circumferem** of the rotating &rniafure»u. In %ther east's the 
armature is ijself stationary anti fftrmS the external* "jtator," 
as it is called, within the bore of \s4iieh revolves the magnet*. system 
or "rotor." # # 

| 3. Bams for classification of dynamos.— In tlnuclassification 
of dynamos several bases of divdon prosunf themselves, each of 

1 It was used in the “'oscillator ” dcvidtal c by Ttsla {Elttir. Eng , vol. 13, 
pr83) for th<? production of stfliill currents at high frequencies. • 
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which has its advantages in throwing light upon the affinity of one* 
machine to another. It might be thouggr that the distinction 
between dyfiamos yielding an E.M.F. and current always in the 
# same direction round tfle external circuit , 9 jind .those 'yielding an 
jjfernating E.At.F. and xurrenl in the external cycuit, would bg 
Ihe most fundamental ; yet it will be found that of two so-called 
mti contimioi* -current " dynamos giving a current un&lirected in 
the external circuit, the one mav be enfirely distinct from the other 
in its whole nature and stnlttuie. As a matter of fact, dynamos 
which primat ily and in themself s give an E.M.F. and current 
continuously in the sune diiecjion art* tew and •comparatively 
unimpoitant — at lea*t up to the present time. 

Tlie fundamental questions to be # a *Jc<*d and answered when 
considering anv form of dynamo aie as follows— # * m 

(1) 1*„S the E.M.F. ] >i oducrtl in oa< h act ivy* conduct oi always 

have the same direction along its length,* oi does it alternate by 
reason of the same lines being cut twin- ovei in each revolution in 
alternate directions > • # 

(2) Is the active length of the conductors (a) paiffllel to, or (b) 
at right angles to, the axis of rotation ? 

The first deals wirti the question whether <yuh active conduct oi 
is the seat of an alternating E.M.F. The sirnnd, Mealing with J he 
position of tin* length of the active conductor and the direction of 
the field relatively to the axis of lot at ion, determines tin* form of 
field-inagnefeiequired and the structure of the armature eoie ; from 
(a) arises the “ axial " or cylindrical type of dynamo, from (b) the 
“radial" or disc* type. # # 

Thirdly and lastly comes the question wln-thei the external 
voltage and current are alternating or uni-directed. Although 
of the greatest important' so far as the use of the dynamo is con- 
cerned, it # is*n»»t so fundamental in the theory of its a< (ion a^hown 
c.g. by the rotary converter, which under suiyiMe condition 1 !; can 
supply from the same armature either direct or alternating current 
U> aa external circuit. 

• $ 4, Dynamos divided into <I) ho*iofc>lar and (n^heteropolar. 

By the first criterion, dynamos are divided iut Class I, homopolar 
dynamos,' *or tl%se in which each ;yt iw conductor, when^utting 
lines, is always ruttjng them in the direction, ajad therefore the 
E.M.F, induced «n it is always in tip* same direction alqpg its length, 
and (’lass* 1 1 , htletopohir «\ yr mms or those in which each active 
conductor in each revolution gits llie same lines "twice over in 
opposite direct ions~#once as they issue frinn a N. pole and once 
as they ent<y into* a S. polo — so that the E.M.F. induced in it 
alternates in direction. * • 

*In the kbmof>oUir dynamo ^Clas^ I) therejs a single fiekl, and 
froirythe nature of the flu£in an impei/cct magnetic circuit divide 
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by gtn air-gap, (t exist sjpttur&m a pair of poles ; but this single held 
is only cut once in each revolution, and the cutting always takes 
place ip the same direction, so that there i^no reversal bt the direc- 
tion of {he E.M.F.. along the length of a conductor. # Since the lints, 
?re always cut in the same direct jpn, it may be said that they ajg 
cut as c.^. they emerge infill a N, pole ; the necessary presence <A 
the seconder S. jjmIo may therefore m imagination bo left out of' 
sight, since it is no^ 'wanted to concentrate arid collect the lines 
for them to he cut a s*-< und time in tlfe same revolution, and heave 
the type of dynamo yf (lass 1 fia> also been termed "unipolar." 



lor, 7 flnmopnUr «Ivimiiios of r. / ) .tat, :i -) t \ { >«'< with om.;!r 
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curved pole-pieces, its length being either fa) parallel to the axis 

of rotation, or (b) at light angles thereby Hie E.M.F. generated 
in both cases will always be in the same direction along the.con# 
ductor’s length, and it will 1lst«sn long as it is moving past t lie point 
faces, quickly dying a wav practicably \o z£ro in the neutral gap. 
There Jk however, nothingtto forbid the single fh^il of tbie homo- 
jxdar or*tmipokr tield-magncf fiiom being divide^l into two or more 
groups of dtg'se lines or " fields," separated by many gaps of 
very •weak density, eac h such fieW dun^popdifig* to a Jxdar pro- 
jection. y may thus. Ixnjpnie in a # *enso multipolar, but tli‘ fields 
are always of the sign, i.c. have the same direction, and an 
active eonfhietor never uuts the .same lines twfee in ji revolution, 
so that the dynamo never loses it > diMmctjv* "•homopolaiity." 

In ItBieropoiar rfynumys (Class lb) successive fields are*of differed 
*4 gn, corresponding to a N. and S. pole Tn a* bipolar dynamo yr to 



2 


£ LASSftlCA TION 'OF DY.X4MOS * 

X. and S. poles occurring in alternate ^uctfssion iti the multipola 
dVnamo. ^ach group of lints belonging to a distinct magnet i 
circuit is therefore cvA twice by each active conductor in tad 
I nAoIution, opposite to|a X. :yid S. pole fade respect ivelv/and t h 
♦fc.M.F. in 'each conductor ist alternating, .Figf Is iliustiaUs*; 
•terojX'lar dynamo of the (a) ov axial.type. • * • 

( 5. Hdtnopolar dynamos with’fielt} uniform in the path of tht 
movement (Class I. i). — I-ct flu* pole-fat as in either el the two typt* 
oMFlg. 7 be extended to Cover tll<t whole < in lr of the path tiaveisi (1 
by the rotating conductor, which will tlm* become continuously 
active, i.t\ let the«po]e-fucc$ 1 >B nude eylyahical in tuse (ei), or 
annular in case (/>).• We thus rca< h ^onmpnlar dynamos m which 
t he held is of uniform density in the path Bf nio\ < meet as 1 , <juired bv 


Pi, 



S# Hi*me|ioI.ir t f >ntimn>us ( mi r< nt ihu.mi r> ol 

W Ith • lMt’Je U< U\ < I'lrMK'ilt 



</» 

( 'Kiss 




I 1 . 


• • $ 

the heading of the present M-etion. Tin- flux-d<nsity and the 
rate of line-cutting may vaiy along the length of the conductor, 
but it will be uniform 4ml unvaning along any cin !r concetti rie 
with the M rotation. The F.M.F. ol t li«- < <»ndu< t or wiling h i r- 
fore with constant speed be mamtaired < ••ntmiiotisly a, an absolutely 
constant value without l^eak or tin* mating. 

. A jmmber of e, eductors <an be umiiarlv anangcd in a eiiele 
i*umd the axis of rotation ftt the*(<^ type*paiajl<*l to the axis, 
and in the ( b ) type. radialh* thereto. JVhm connected in parallel 
or touching nm*annther. a larger «yin^it ran be carried Ijt them 
without increase o^the F.M.F. F*rjllv. when tin* whole circle, is 
filled with contiguous strips *n parallel with eath othur, we arrive 
in ease (af at a fuBe or lfoll<*v Alindei of copper ijpuyentrieVith 
the shaft*, and in ease (b) at a s^lid circular disc of met at It con- 
nection to a stationary external resistance R t is then made by 
brushes whic^i press on anti $0 make coittact with the*«baek and 
front ends of the cBlitBrjyr or outer and inner p? fipheries of the disc, 
ln#hoj>olar llynamos oht^im-d which give- a cnntinuoift uni- 
direc^xl and constant *E.Jt.F\ and current, both externally aricP 
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within the armature without the need for any " commutator " 
c t such as forms part of the continuous-current heteropolar dynamo 
of Fig. 0. . \ 4 ' 

Fig. ftahows the complete cylindrical or ijvmular pples with their 
ejecting coils E, E , pombinyd with a complete cylinder and disc % 
as the singly active element- forming the two fundamental types* 
of the hoirtopolar continuous-current dynamo. As shown, the 
stationary brushes A and B press on the shaft and on the end of 
the cylinder in type (a) nr the outer circumference* of the dr« 
in t yp<* (b). To the Utter type belongs the original disc dynamo 
of Faraday shown in the frontispiece a type .which still survives 
in essentials in certain ainpyrc-hour meteis. Stationaiy brushes 
evu he placed on the periphery of the dec or on either end of the 
cylinder at as many points of collection as are desired. 

The present type'ef dynamo with uniform field i-, not, however, 
confined the case of the complete cylinder or disc. It also covers 
separate conductors, forming parts <»f a cylinder nr disc but insulated 
from one another. ' In this case each conductor, in order to maintain 
contact with the stationary brushes, must he connected to slip- 
rings on which the brushes may contiguously press as the active 
conductor rotates J‘y the use of such slip-ring:?, it becomes possible 
to Connect two or more active conductors in series so as to add up 
their E.M.F. ’s, as will be further explained in Chapter VII. 

The reason for treating the above homopolai dynamos in which 
the field is uniform in the path of movement as a separate group 
is that the fact of the pole-faces forming a complete circle, cylindrical 
and concentric with the shaft or : nnular n a radial plane, carries 
w'ith it an important consequence, namelv, that it is only by the 
use of sliding contacts and slip-rings that the E.M.F. of two or more 
separate conductors can be added up (see §4 Chapter VII). There 
is therefore no method of wituling tin* armature of Mich a type of 
machine in the true sense of the word. 

§ 6. Homopolar dynamos in which the field is non-uniform in 
the path o! movement (Class I. ii). -Reverting to Fig. 7, if, as there 
shown, the pole-faces* are * not complete circles, let a second similar 
conductor be added in the gup on the opposite side of the shaft, and 
let a ct^mocting wire be t;fKetvi>eripheialIy round to join the two 
b ends. From fhe a end of’tbe second conductor a connection can 
be taken toHhe a end of a third conductor. Thv E.M.F. of the 
thiref conductor can then be added to that of tlh* first, the counter 
E.M.F. oh the second conductor which acts as a # amnecti% piece, 
being very small owing to its position in the \t*iy weak field of the 
region beyond the polo-face. Thus A lo^jp can*be foyned, and by 
such loops without fhe use ot ^lip-rings, becomes possible to 

S nnec? two or more active conductors in stupes by ^ trhe wandifig. 
re loop inlhe homopolar machine does not itself join two active 1 
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conductors in series ; it is only a means bV which *t his may subse- 
quently berdone. It will now be noticed t nit as rotation proceeds, 
the two sides of the loip change *t heir rol<* # ; the conductor, which 
first serves as^ simplelconncttor, itself enters thg field within t^e 
^fir-gap and generates E.M.F., f'hile the fornltr active conductor 
‘becomes a t simple connector. Thus there isTvyver nflsre’ than one 
active conductor at any on? time in each l*op, and as the K.M.F. 
generated in each conduct o| is.alway* in tin* same direction along 
its length, it alternates in Jiredmn routul any 'complete loop. Tim 
characteristic feature of the preceding Class T. i, is thereby entirely 
lost, since the hoint^olar dynamo is now made to yield an alter- 
nating E.M.F. Further, it now b»*ctuyes immaterial whether it 
be the field-magnet <*r the armature that is rotated. The saifie 

E.M.F.«s in either case generated, and the former is the arrangement 

• • 



that has usually been adopted in practice. In Fig. 9 is therefore 
shown a hyniopolar m;fl liine of type (<r) with a single rotating 
polar projection N. and a stationary external armature wound with 
one drum loop. The magnet is excited by the coil E which may 
either rotate or he stationary, and at one dde has a polar projection 
fl’ith "semicircular fhee bet weep whicji |ud the stationary armature 
< # ore there exists a string yiagaetic field? 'flu- rmTaining half of 
the internal circle of the armature cor£ which at any timejs not 
covered by the*polr forms a neutrfl # sjpacc through which few or 
no lines pass. At the othernnd thf *cond break or moving joint 
in the magnetic pyuit A , S.>S as short a length of air-gap^is is 
found practicable, and the necessity for it is only due*to the fact 
that it is mechanically convenient to attach tjie loops to a Stationary 
portion A of the ir#n circuit., The lines of the flux arenas it were 
taken out of fie end <^f thetnagnet) and so do r;ot cut the Conductors 
a jpeond tiijie. Whilefhe rotating field is sweeping across ope side 
of the loop at *ab t and geiwr£e$ an E^M.F. In it, the qther side£& 
is a Simple connector. But immediately afterwards ihc inactive 
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connecting piece? wiJl itSMf tecorne active when in its turn it is cut 
by the /lux, while ah wifi cease to be active. As the field rotates, 
one side of the loop is active for one-half of the revolution, and then 
during the other, half of the revolution becomes a simple connector, 
or in general with a numb* r of lUjps the same conductors servfc 
either purpose alternately. A horiinpolar drum alternator is thus 
obtained when the ends ad < f the complete loop are brought to a 
pair of tei initials. * 

The loops must have a span at 1 equal to the angular width";/ 
the pole; otherwise tin- n* would be no distinction always present 
between the wires whi' h arF ac tive for the time being, and those 
which are mere connectors. If this distinction be riot maintained, 
alld both sides of the loop arc* allowed to be cut by the flux simul- 
taneously, the Iv.M.F.’s generated in the two sides act in opposition 



resultant K.M.F. being simply the difference between the two. 
Any such differential action is therefore* detrimental to the full 
use of the machine. Fot Che same reason it is not electrically 
permissible f«*f the width of the fndd. eg. with a single polar pro- 
jection, to extend over m<Vo than halt the circumference of the 
path traverseiH>v it ; t.r. the ‘neutral s|>ace must be at least equal 
in periplieral width to the pedal' projection. * 

Fig. H) represents similarly a JmtivpqlAr di^' ^ilteinator of ( b ) , 
type with stationary armature. While the leading ec!gg« of the 
rotating field-magnet ’ m< t es from ‘l to 3, no line* traverse id, and 
therefore no E.M.F. is induced in it but whereby further rotation 
the leading edge movys from 3 to’l, ah d»rs not ii^t unicut any lines 
itself, ?nd consequently the E.MfF. is indued only in fd. ^ 

7. Hetyropolar dyiuunoq (Class R)«ot*fa) type,— Passing to 
heteropolar -dynamos of Class II, in the fiist place^ those in fchich 
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the length of the active conductors is pdralfiho the 'axis o) rotation, 
t.e. the (a) or axial type, will be considexJ?d. The fundamental 
r.ctive element of an immature of this tyjje takes the form of a 
• straight conductor moulted on an iron core with ifs length* jurallfl 
•if) the axis of rotation (Fig. ll). f In older to deduce the inter ferric 
.'or air-gap £pace as much as po&5ld e * the inner # surfao*of the pole- 
pieces is bored out so as to f<Jlow th6 puth traversed by the rotating 
conductor, and the latter is ipotyitcd on a cylindrical iron armature, 
only such " clearance " being allowed as is requited from considera- 
tions of mechanical safety and satisfactory working.. There are thus 
only two short air-gaps, and the density under the jxde-pieces will 

far exceed that of anV straying lines between the pole-lips. Besides 

• • . « 



• • 

its function <>f reducing the exciting ampere-turns to a mmmmin 
for a given number of line? bv shortening tftr length of the air-path, 
the cylinder also series as a supporting s|na tuir <»n which the active 
conductors can be secured. .When tin- armature is fhc part that 
is to be minted, and the iron core is u>e<£us a support for the wires, 
it must itself beTotated with them, although on any other^round 
this is entirely ujpfl'essarv. • The problem of rotating ^he winding 
only round, a staii<mary*ijonf'ni<r has jx assessed great attraotion 
for inventors ; the difficulties inherent to it have, ho\Vv\Vr, proved 
too great, and th^ mechanical simplicity * dating both core and 
winding has led to* its universal adopt i<tyi. Apart from certain 
secondary an4 mi jp>r # effects which need not •here be considered, 
th<yotating pi the iron R^s no effeef on the field of flux. But owing 
to the insertion*of the n #or*e the lines enter the core uearly radi * 
ally, ind are disjributed over the arc embraced by tlw> pole-piece 
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almost uniformly (Figt*l2)* Upon the exact distribution depends 
th<5 shape of the curved! instantaneous E.M.F. In order to deter- 
, mine? this, tire/ value of the field-dwnsity in tMe air-gap or B g for each 
point round the^iri underence of the armature core must be known ; 
at the f f Hit of lug. <2 (hisf* plotted from a starting-point in tlw 
centre of It rwnteipol.fr gap,«cind ylfr same curve to some other scale' 
will also represent th<kcurv<* of the instantaneous induced E.M.F. 
for one revolution af a constant spe^l of rotation (Fig. 11). If 
the density of the lines were stri<Aly uniform over the j)olar arc «ftui 
confined tlieretp, theif directions at all points being exactly radial, 
the curves of ilux-de14.it y ifitd of*E.M.F. would consist of a series 
of detached rectangles ; bid in reality the corners are rounded 
o *• r off* by the existence of a 

weak field or " frirjge ” of 
lines at each pole-tip which 
is not truly radial, and the 
curve of induced E.M.F. for 
each half-period is flat- 
topped with* sloping sides, 
hr intermediate between a 
sine curve and a rectangle 

(Fig. 11). 

If the ends of the active 
conductor arc electrically 
connected \vith # two collect- 
ing ring* fixed on the shaft 
anfl insulated from it, 
against which stationary 
brushes are pressed, the 
elehienfury hrtifo polar alter- 
nator is obtained, yielding 
an alternating difference of 
potential at the two brushes to which aft external circuit can be 
attached. A multipolar fijk^ is aly shown irt Fig. 11, the only 
change introduced thereby being that Jior \ given sj>eed of rotation 
the number of alternation^ per second is increased in pre[rortion to 
the number o^pairs of pole*.* c 

But the E.M.F. generated br? one single conductor of reasonable 
length thus rotating in a ftoM of lygh density, # and at as high a , 
speed as is* practicable, is very small, not amounting to h^re than 
a few volts at the most * hence ih almost all^commerciai dynamos 
there is a juuubcr of act jve conductors, and the*' must be connected 
in series so as to ad(\ up their separate small m .F/sl If arranged 
syxmttftrically round the armature core (Fig. 13) parallel to ^ur 
, original conductor, at* any yioment ehch ofc the conductors moving 
under the N. pole has an E.M.F. induced along its length, fn the 
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opposite direction (as viewed by an ofiseiVr at -cither erd) ironi 
the E.M.F t induced in each of the wires moving under the S. pMt\ 
as shown by the cross« and dots in Fig. d3. 1 This dun dement at . 
• fact must be the guide lo any method by wfiich tty* conducVn* ran 
•be connected together electrical^' in afisefftl manner. 
m Two methods of adding togetj^T the induNrve act*>n*of a pair 
or more of elements at once present tbeniseUvs ; bv the first, eon* 
duct or 1 of Fig. 13 is connected in series with anothei conductor 
. sitlh as 2\ tvhich in the typolai* machine is situated neaily dia- 
metrically opposite on the other side of theVoio, by the second it 
is connected with mint her active conductor. 2, which is next to it 
on the surface of tlift core or lies iuuifcdiatrlv above it, and undei 
the same pole-piece. * • • 

§ 8. il) Drum winding. The first m drum m< tl*»d is identified 
with the name of "Siemens.” In its ciyflpl^c mini it was fust 
introduced in 1871 by von lh fn< i \ 

Alteneck as a modification of the 
original Siemens shuttle-wound arma- 
ture. It is the simplest method, and 
consists in joining Jhe f aft her end ol 
one active conductor by a connecting 
piece of wire passing across the end 
of the. core to the farther end of 
another conductor situated nearly dia- 
metrically Opposite to the first and 
under the oppositc^pole-piece (Fig. 14). 1 

The E.M.F/s inthiced fh tile fwo active conduct ms will assist 
each other round the looj> thus fomied. being in opposite 
directions along their length as viewed from cither end. The core 
now becomes, as it wefe, a cylindi ical " drinn," which J^-ay, if 
necessary? he solid right down to the shaft . By bringing tin* wire 
across the near end ofthedium, i.c. by the addition of a second 
connector, the loops may4>e multiplied, tlif end of one loop forming 
tlie starting-point tif (lie nexj. It wij| be seen that tin* winding 
(fr Fig. 9 is also an ir^stan^e a rimin' winding rib an external 
stationary armature, but as applied to*a homopolar machine. 

§ 9. (2) Ring!* winding. The see<?n*l or ring unshod vets em- 
ployed by Pacinotti in 1864), and^Waibed by him in 1865, but 
is also frejquentTy fallecf by # Jhe # name of the Frencfi electijjcian 
Grammy *who reintroduced it in 1870. If the iron <*orc, which 
serves t% guide the lines through*the spar P l^fwecti the pf>le-pi< res, 

• . • 

1 The marki%g of the direction o*f cuitcnts or h M F ’s by crossA and dots, 
according as they ar€ a#av from or towards one's pbint of view, is a useful 
ctnprention ; *t is easy to recall if we omsider the cross to represent«an end 
view of the feathers of a r#c*dii*g aflrow, and tyc dot V) represent,!^ advancing 
points 
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be supported at some ^stance tadially from the shaft by means of 
an open hub or spider of some non-magnet k metal, sijth as gun- 
metal, a connecting pier.; of wire ran be* brought through the inside 
space between t|ie core* and the shaft, paving between the arms 
of the hub ; by it the far yid of wire 1 (Fig. 13) can be connected 
to the mar,, e nd of 2, the wire next to it on the surface* of the core, 
and the whole arrangement js shown in the ring-wound armature 
of Fig. 14. Without the iron core the jlux would go straight across 
the gap from pole; to pole; the n inner < oimecter would therefore 
he cutting lines as well as, and in the same direction as, the outer 
active wire, and an K.JI.F. vould i>e produced in each. These two 
F.M.h.'s 1 1 1 us acting round the loop would oppose and tend to 
ruutralize ea h othei, so that the net K.M.F. would be merely the 
difference between the two. lhit with the iron core interposed the 
lines take a more or'less curved path through the mass <>t the iron, 
as shown by dotted line-* in Fig. 6 ; and it the core he supported 
by a non -magnet ic huh very few lines will leak a< m>s the internal 
centre space ; consequently there is little or no K.M.F’. induced 
in t he inner wire, which t Inn set ve-% purely as a conduct ing connector 
to sum up the K.M.F. s produced m the. two external active wires, 
and does not it II eMit the lines <>l the field. If any K.M.F. is 
induced in the inner wire it is simply harmful, hut with proper 
methods of construction and right proportioning « t the iron in the 
armature core it beeonVs so wry small that it may In* neglected. 

It will bo seen that this method really amounts to t heading the 
same wire through the central hole, so as to hr in a “loop," and 
then winding a second loop of tlif- same wire continuous and side 
by side with t he titst. A coil of t wo loops is tints formed, containing 
two active wires ot\ the outside of the core, whose K.M.FYs are 
added, together in series, and tin* core Incomes a “ring” over- 
wound with a coil, whence the term “ring-winding" arises. As 
before, two active conductors have been placed in series, and pre- 
cisely the same amount the surface of tke armature core has been 
covered up and rendered useful ; and, therefore, two loops id the: 
ring winding aVe the exact tqutvalept t*ff om^loop of the drum. To 
both the ring and t he di unKhe iron core is essential, but pi the ring 
there aiar internal conduct ni^s^to be shielded front* ary inductive 
action, while in the drum all t«h<* winding is external. It is evident 
that in the rfhg the process of winding* t he f wire rotund the core may 
also be continued so as to form a coil of three or any larger jiumber 
of loops that may be* (|e^#rt d. tl * 

S 10. Simple alternator ’and unidirected-ctyTent armatures. 

If the ante of K.M.F. intlueed by either^the drum oryrirg arrange- 
ment Fig. 14 be plotted, therewith the ststfne r field and speed of 
rotation the ordinates will have twice*ttye Height thajt they have* in 
Fig. 1 1 ; argj if the free ends*of the loops ab he taken along the.vhaft 
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and connected to two insulated collecting ijjigs mounted thereon,' 
we have the simple bipolar " drum " and png " alUrmior arma- 
tures of Fig* 14. Xliis figure also show* the # curve of E.M.F. acting 
# during one revolution a| the brushes .4 and B, .which lead ‘to the 
^tertial circuit, the angle through which jhe loo^s have rotated 
being reckoned as before from jhe liAe whyn they are, situated 
•midway between the pole-pieces.* • # • # * 

Foi a variety of purpose* ifti 
alternating E.M.F. is incuA- 
veuient or pc^itively usrlet-X ; 
yet. from the nature of the 
dynamos under Cla*> 11, tin- 
E.M.F. induced in each lvup i>, 
necessaiilv alternating, since it 
is product <1 by hist cutting 
lines in one direction, and thm 
in the opposite, by continuous 
rotation, and therefoir any 
current flowing under that 

E.M.F. must lusvssanly J>c 

alternating in the 'armature 
conductors themselves, what- 
ever it may be in the external 
circuit. It remains to be 
inquired how the alternating 
E.M.F. of the armature l<*»p> 
can be “commuted ”• or 
changed to an E.M.F. always 
acting in one direction in the 
external circuit. When yi the 
course of 4ufation the loop or 
loops arrive at a «vnttai 
position under the two jx»lc- 
fljeces, the E.M.F. # is a maxi- 
mum and collecting ling a isf 
say, positive; later, vflien *the # loops Jiuve turned through 90°, 
or have reached a position in t lif gap between the poles, no 
E.M.F. is being generated, since n$> [furs arc brinjf cut, and they 
have reached tl* posit i<gi oik reversal. Immediately after passing 
this pointf ring a tvifl lx* w^at H*e, ting b positive. What js rcqiflred, 
therefoi* in order that the E.HF. at thy brushes may^t always 
in the same direct ic^Fi round the external diicuit, is that the rings 
in contact with the springs or brushes should be automatically 
reversed at tlic instaiA^when the direction of the E.M.F. in the loop 
is Reversed, that <i # sbould # now touch B, /and b touch A? This 
is ea^jly effected by making a and b e^h half of one and the same 



Drum Wtfcmc Armature 
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Ring 'yound Armature 
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Curve Sf E.M.F. 

i'K, 14 ^Alternator armatures with 
two a< tiv«* conductors »n scrips. 
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split ring, the two halves being separated from each other by air 
or other insulating material, and further, by so setting the brushes 
that they pass over respectively from a to b, and from 6 to a at the 
instant -of reversal (Fig. 15). This device js the simplest form* of 
commutator , by './hit h each brush always remains cither positive or 
negative,, as the case may be. ami therefore the current flowing in, 
the external < imiii is unidircfttd , although in the Jo >ps of the 
armatuie itself it is .^Uernating in direction. 

A ring and a drum unidiie< ted-< urient machine have now been 
obtained, and the curve of E.M.Jv at the terminals or brushes A, B 
will be entirely above the horizon t 1 line (Fig. If>) . Given, therefore, 



Ring wovnd Armature Drum wound Armature 

* Perspective view End view 

Volt., 

« Time in degrees moved 

0 180’ 360' through .1 constant speed 

Curve of E M F 

at the brushes A, B. 

hit, IS. Bipolar dynamos with two ;u tive i oudiu tors in mTu.$ 
giving a iinidim ted [ M 1’. 



two open ends of a ionp or loops a and b, tlto same armature yields 
either an alternating »>r t a unidirerttd cyrrent, according as they 
are attached to a pair of collecting rings or. to one split -ring 
commutator. • » 


§ 11. Heteropolar dynamos Jciau II) of the radial or b) tyjfc. -Hctero- 
polur dynamos o^tho second or ^rgroup of Class 11. m winch the length of 
the active wires is «/ fight itni:lr> 9 t<+lhr axt^of rotati seldom are used lit 
prac tice, and therefore may 1h* briefly dismissed^ as of less importance. For 
a tlynjuno to Wdong to ('lass 11 it is nearssfry tjiat the#:o«ductors should cut 
the same line* twin- m ditlVrent directions. A second air-gap must. Jjiere fore, 
be broughti into the circular # path of the active conductor by breaking the 
magnetic circuit at a second place. • 

(U) Disi ayHtiiHg. In the jrue disc heteropolar machine, opposite poles are 
of opposite "feign, and the lines pass straight acqpss each air-gaj* from one pole- 
piece to the other Thf method of connecting racial wires in series is 
then toajoin the outer end of one active wire by a connecting piece passing 
roymd the periphery to tlib outer end of atibUser ;»cfive wire*, situated nearly 
diametrically opposite, under the 'second pair of poles {Fig. 16), th« loop 
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' , 

being completed, if required, by a second conqpetor, joining the timer ends of 
two active wires, so as to render a senes of continutus loops posable, It will 
be seen that the nultal wires are actually in tha central' plane of rotation, 
and the peculiarity of the true disc machine is tlnA it is indifferent whether 
the loop be wound on an lifcn tore* or not. A suffborting core >uay In* neves* 
• sary, but it need not be of Iron so *s to guide the lines bi the right threction 



l o m i'rorn Oa//rr rnttoiul 

oi A $ 


Fid. 16. - 1 >i». arniafup with two av’ive < oiidm hu?, m series . 


through the ;ur<gap. sm< r the two oppoat. pole*, i.m Im- l.pfight i lost- t«*geUu'r. 
only allowing sufficient room for the coils to pass Udween them. It win !>• 
recognized that Fig. 10 shows the same type of winding as applied to a 
homopolar machine. 

(4) Ikscotdal ot ftal-ntig wind im; I lw winding of the distoid.il mat lime 
is exactly analogous to the ring armature of big. 14, if it is imagined to lw* 
flattened" out. until ityadul d< pth is go ater than its length parallel to the. 



axis of Station, an^i it assumes a diifcoidal form : the polar surhacs arc then 
presented to the ends the cylinder instead of <*» its periphery. But now 
a second magnet, M' (sRown doited, Fig. 17) can fce presented to the other face 
of the flat* ring* core, the ]xde%of this second magnet Ix ing exactly opposite 
to those of the first lnd # oI the same sign. The lines will thus enter the core 
frdln both suites alike, and will pass in opposite directions round the aftnature, 
to leave it wherf the seefirtd s«t of poles is presented to its surface. By thw 
• 
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meant both sides of the winding become active, and the inactive connectors 
are reduced to the short ^ngms of wire at the top and bottom of the core. 
The entire loop of the flat ring machine, although containing two inductive 
portions, should therefore be regarded as equivalent to a single loop of the 
ring, the lines of one field b.-ing simply divided infp two portions, one on either 
side of the core. ' j* * , 

0 ‘ 

| 12. Superiority in practical importance of the dram methbti 
of winding.* Whih; tile above brjiif desc ription of tin* fqiir methods 
of winding, drum, ring, disc and drictjdal, is necessary in order to 
elucidate their characteristic diffejery cs, it remains to he added 
that except in special cases the dfarn w/nding possesses such marked 
superiority that it is* almost universally used in preference to the 
three other methods Attention may therefore be henceforth 
almost exclusively directed lithe drum loop and coil as the impor- 
tant constituent of the modern dynamo. The formation of the coil 



I n. IS. l>rum armature with coil of three loops. 


of mapy loops by winding on more wire is illustrated in the case of 
the drum by Fig. 18, which shows a bipolar armature with a roil 
of three turns, by which six active wires are joined together in series 
with a consequent increjfso in the E.M.F.'* As before, the two free 
ends of the coil may be tak< a either. to a pair of collecting rings to 
form an alternator (as in the diagrun >n the left where one of the 
rings is shown of larger diameter in order to be visible behind the 
other), «r to a ^olit-ring commutator (as in the right-hand diagram) 
and by mea^s of the biushcs a current, alternating or unidirceted, 
in tine two cases is led into the external circuits The ring and dis- 
coidal-rin^ Virtdings can be used without alteration in a nvjltipolar 
field, but m the multipolar drum or diso machines' the nature of the 
windings requires that the angular. span of *he loops, which is 
approximately 180° ar across the diamcUr in the«t wo-pole machine, 
shouldobe reduced to approximately 90° iq c the four-pole (cp. fig. 
19) or 60° in the six-pole field, and so* on. ^ the ntimber of poles 
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is increased t f hc chord becomes shorter, which has the practical 
effect of reducihg the Curvature of the coil. 

Tlius Figs. 19 arid 2Q, show the drum coil of many turnt as applied 
either on the outer surface of an armature revolving within an 
externa! multipolar field, or to the* inner* surface of an external 
stationary armature; so that#* the resemblance to a drum is to a greift* 
extent lo$t. * In eitfytl case,«agair\Jhe active surface of tlje armature, 
may be smooth as in Fig. 1& (i), with .the wires fastened along the 
outside of the core, of it may be toothe<l with the winding embedded 
in slots sunk radially into tin- periphery of the core as in Fig. 19 (ii) 
or 20, where the coils' shown are adapted respectively for a direct- 
current machine and for aft alternator. From the fact that the 
slotted core allows of a shorter air-gap and better mechanical 
protection for the winding, combined with certain practical 
advantages in manufacture, the toothed nr slotted armature is 
much the most usuifi, construction in both alternators and 
continuous-current dynamos. 

J he further consideration of the several modes by which coils, 
each of one or*more loops or turns, may be connected together in 
order to increase still further the total K.M.F. of different types 
of machines, will be resumed in Chapters VI U and IX. 



CHAPTER fy 

• I 

tin: vm.si tic *m i * 

• 

§.*1. The elcctrodynamic a^ion J^etween current and magnet- 

In the year 1819 a Danish physicist, H. C, Oershx.lt, 1 discovered 
that when a magnetic needle w f as brought . near a wire tarrying 
an electric current it Nvas deflected int<*a definite position relatively 
to the wire ; in other wf»rds, between tlie conductor conveying ;IU 
electric purrent and the magnet he found that there existed a certain 
mechanical force whieh, if the conducting yPireVcie stationary and 
the needle movable, would cause the latter to set it sell in Indefinite 
direction. For example, if the conductor conveying the current 
is a long straight wire held horizontally over a chinjmss needle, the 
latter tends to* set itself at right angles to the length of the wire ; 
and further, the direction fn which its north pole points when it 
has so set itself depends upon the direction fn udiicli the cut rent 
is flowing in the wire. * 

In the above great fact of the clcctrodynamic action of an electric 
current on a nuignct is involved the wlmh* principle of dynamo- 
electric mafliinety. The simple experiment of Oerstedt was, in 
fact, th* first instance tliat had been observed of the conversion of* 
electrical energy fnto mefhanicalVoi k, and as such illustrated the 
principle of the electric motor ; for the needle as it moves could 
he made to do mechanical work. 

$ 2. The pech&nic&l torque of dynamo or motor. But ^ it is 
equally tfre fundamental principle upon which the dvnamo rests. 
It cannot be too stimfgly insisted upon that Ihe measure of the 
usefulness of the dynanwj-elec.tr ic ma< hifie, whether as dynamo 
(IT motor, depends ftn the mecjianical # hjrce which has to be exerted 
il^on or is exerted by tjie njovigg membiT, C.c, on the met hanical 
torque th*t the rotating member can alfsotb or give out ; for upon 
this in conjunction with the speed depends the elecy ical puwer or 
mechanical horse-pewer that it cantkwelop. Just as the purchaser 
j of a steam-engit\p buys irfychijte capable of exert ifig a certain 
torque yjt its crankshaft* when suppliefl with stram *at a given 
pressur?, so the purchaser of a flynatno jnotor buys 5 machine 
capable of absorbing or exerting a certain torque when its field 
is fully excited and it is # supplied with mechanical or electrical 

* 0 Foran appreciation of work of OAstcdt and Ins contcmporarics^mpere 
andArago, one hundred of see Journ. A mtr.'l .E.E, vol. 39, l.)ec. 1920, 

• pp iq?l-33. • 
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energy. The speed at, wtfrieh it is driven or at which it runs, 
although fundamental, to its design and use in so far as it 
determines the power* and also tin- voltage, 
is a secondary inattej* 
the size and coil of the machine. And it’ 


yet in Comparison 

for uj#nn the t<| quo depends primarily 
* ...» ..... .. ■ . • 


may even m practice 
hf: adapted t o nm*jit an f speecl within a fairlv wide rang?.* 
So import aifi is the torf|iie*that»Aertric ma< hines are Comparable 
as to their relative u J fuln< si/e ,u#l »:o*>t in terms < >f the watts 
per revolution per minute that they eanigive, a " watt per revolution 
pel minute- " being a # spe< ial unft » »f t*»rquc which owes its origin 
to its appropriateness m elcctma] work, and which has the same 


dimensions a>. a dvne-ci utimeti 

9 

K ) 7 ergs pen second, tin 

dyne~< nit iniet tes, or % 

0 

1 watt pel rev 


r a pound-foot. 

9 

particular value* of this 


One 


unit 


watt being 
60 

- -- X 10 7 


p. i 

9 55 ■ 
981 - 


mm. 

’ 10 7 

: M 


9 55 


10 7 dyne-centimetre^ 
0-974 kilngr ammet res 
7 05 y e 


ft. 


§r 3. The mec&anical force on a current-carrying conductor in 
a magnetic field. In older then to develop the fust fundamental 
equation <>f the dynapio dealing with the connection between 
mechanical Ion » and electric rmmit, the elementary* casV of a 
.straight conductor canymg an electric mi rent and immersed in 
a magnetic field will tiist be couriered. f * 

Let a straight conductor At), in which a nurcut is flowing along 
its length from l) to .1, be placed in any position in a uniform 
magnetic field (Fig. 21) ; the red of jhe circuit which must 
necessVrily exist is fur t lie present disregarded. . « 

Whatever the relative positions of the lives which represent the 
directions of tit ‘hi and length ot conductor, they fall under one or 
other of two cases : either the length of 4 the conductor is parallel 
to the direction of the field, or it \* not. Now, in the first easy, 
the conductor conveying the current is entirely unacted on by any 
force due to the external magnetic field in which jt is placed, and 
it has do tendency to move* in any direction. But in the second 
case it becotpes the seat of a mechanical force wliic^, unless resisted 
by rrti equal and opposite force, v/iHf au^e it to move in, a definite 
direction., This second case is equally well expressed saying 
that, if there is to be it mechanical force acting <*m the conductor, 
the projey<ion of its length on a plane normal* to the direction of 
the field must be a line, and not a poiril. It» Frg. 21 let AD be a 
^eondutfior whose length does not coincide with the direction of 
field in which it is placed, and let ad be' the projection of its length 
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on a plane normal to the field. At rigll a^les 1 6 ad and also in 
the normal .plane draw a line OM. Then* f he conductor AD 'is 
acted uporf by a force equally distributed* throughout its .entire 
•length (since it is entirely immersed in a unifonu* field), and the 
di#ection of this force at each jn^tion id its length is in the plane 
pui null to the field and parallel ti^hU ; .in othVr^ woids* if It is free 
to move, t Re conductor \vill # mo\e parallel to itself through the 



field owing to the action of f^ces, 
which may be sunmted up and 
represented by one force along 
the line OM. 

The “ sense ” of this magne tic 
force or pu# is determined as 
follows. # In Fig. # 21, if the 
direction of the lines of the field • 
be vertically upwards, and the 
current flows in the conductor 
from D to A, the direction <>f the* 
pull on the*c<fndtictor will he from 
left to right towards A/? Hence 
if the left hand is place^ out- 
stretched along the length of tin* 
conductor, so that the direction ftf 
current is fjom wrist to tfie finger-tips, while the thumb points down 
the direction of thn lines of the field, tlr jlfrection of the meel^nical 
pull on the conduct^ will be peross fchu hand from the back to the 
palm ; in other Words, the palm will face the direction towards 
Avhich the wnductor^ends fo movA Tlic force is a mutual action 
between A e conductor and the field-magnet**) that if the conductor 
is held fast, and the pftle-pieces between whicli the field exists are 
free to move, ihc direction in Which they Vill move is cflf course 
opposite, ie. from tfle £%lm of the l^and across to the back. 

I i. The fftegfranicil, fen* .apiatkm.— Ne»t, as regards # the 
•magnitude of the force, if / oe the length of the conductor AD as 



I ig 2^ — Force on current- 
carrying conductor in 
| magnetic field. 
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projected on tu the yfaiuT nonnal to the field of uniform density, 
then the force acting oh AD at right angles to its length* and tending 
to move it parallel to itself along OM, is proportional to the product 
of the’ density gof the flux, the project edviength of the conductor# 
and the current, or F oc Ijjil. «. # t 

On the f'.G.S. system, the foire measured in dynes is equal to 
the above product wju-n / ,js in centimetres, B $ in C.C5.S. lines per 
square centimetre, 'and i is in absolute electromagnetic units of 
current. But if i is in anqx:rgs,* since one ampere ~~ jMh of an 
absolute elec tro -magnetic unit, 

•i* X 10~ l dyne-,' 

» 

* But / • >L sin a, where a is t lu* angle which the length of the 
conductor makes with the direction of the field (Fig. 21, j), so that 

. I' ItgiL sin a x 10 1 dynes 


or F * B u . i/lt) 

i x K 

9 10 981 

1 02 BA x 10 7 

9 c 

r 57 B\i x 10- 7 


dyrus pel cm, of projected length 
grammes .. . . , 

kilogramf.ies ,, 
lb. per inch 


There is no tendency for the conductor to rotate so as to alter 
the angle a, but for rt given length of conductor and ^given* current, 
the force is a maximum when the length of the conductor is itself 
at right angles to the direction of the lines, ix. when it Iks wholly 
in the plane normal to the field, as shown in Mg. 22 and a ~~ 90 a . 
Fite maximum force is then 


F r:, B u iL x 10- 1 dvius ... . . . (2) 

, V «= 5-7 x li)- 7 ll>. . . . * * . c . (2a) 

r 

when % is in amperes, and in the second alternative 1/ is in inches 
although B t is retained in C.G.S. lines per sq. cm. Since in dynamo 
and motor alike, tlje length ,of the, active conductors is arranged as 
far as possible to lie in the plane normal to the field, the abSve 
expression may be regarded as the first fundament adequation of 
the dynamo motor. * r 

When tjje conductor is inclined to the direction of the field, the 
actual force acting on it due to fhcenagnetic pul) is always 4 

t F =f B t iL sir a X 10‘* dynes % 

along the line OM. But the whole or part o^this may be balanced 
by other external^ forces. The component force t along any line 
of option, which may or may not be unbalanced, is then simply 
obtained by resolving the force F l ak>Q£ tlie given line. °Thus 
in Fig. ^1 let Dm’ be the line of action under consideration, it4 
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projection on the normal plane (Fig. |l. iii) l >emg along Om ;* 
then the component of the force F acting along* the line Om is 

f^F sin y 

•whtfrc y is the angle whiclt the projection of the Intend action*imkos 
With *the projected length of* the conductor. Further, the 
component of /along the line Om Vis , • 9 

/W slrf^. 

• 

where /? is the angle which thelim? of action makes with the direction 
of the field (Fig. 21, ii). Ilthv ethe force acting on the conductor 
along the given linejuf action Om* is . 

/' B,iL sin a sin /?sin y x 10' 1 dyqps . . . (3) 

• * a 

One feature still remains to be 
mentioned. When the conductor of 
Fig. 21 is unconstrained and moves 
parallel to it self in the direction of 
the line OM, it passes broadside 
through the fit^ld, and for a given # 
distance moved through, the number v 

of lines cut is a maximum, further, 
since the force F has no component 
in a vertical direction or along the 
length of the conductor, it is evident 
that there no tendency for the 
conductor to move up and down the 
line's or end-on through them Jt 
is essential, therefore, f«>r the 
existence of force along any line of 
action that the conductor, by move- pull on rurrent- carrying con 

ment in that ejection, should cut durtor in magnetic 

lines of th^ field along i| r s length. , 

I 5. The magnetic pull as arising from the interaction of two 
magnetic fields. — The nieclfimisni from wliiA arises the mechanical 
pujl on a current carrying conductor islof >e foiled in the interaction 
of its own magnetic field with the external field in which it is situated, 
fhus the c<fmposition of the circular Ijne^suriounding the straight 
conductor of Fig. 22 with the original field would lead twthc re^iltant 
lines being bent ijmftd the conduct of s f o that the density becomes 
greater on its left and lessen Ks right side (c/>. Fig. 23 for cur ted 
pole-piece^). Again, take the case of a rectangular loop # of wire 
round which a current .flows, and placed so That its plane is parallel 
to the direction of the field between two external pole-pieces (Fig. 
24). Then it follows Jr om* the electrodynamic law that if the 
dinxjion of tfce current found the l6op be as shown by the arrow, 
Jhe upper side will be suBject^i to a force tending to move«t towards 
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the right, as seen from £, while the lower side will be subjected 
to an equal force tending to move it towards the left ; the ends 
will while parallel to the field have no force exerted oa them, and 
when in a plane normal to the field, or in rjny intetmediate jx>si^ion, 
the force tending to move the one Yn one 'direction will be counter- 
balanced by the force tedding to move the other in the opposrtfc 



direction. The whole loop will therefore he acted upon by a couple 
tending to rotate it in a clockwise direction, and the portion which 
it will take t.p if free to move is one in which its plane is normal 
to the direction of the field* as shown by dotted lines. When tire 
loop is vertical and is subjected to a ‘magnetic, pull, the lines that 
would be due* to (he current alone would pass through it from 
right to left, as seen from D. Such a supposed field must, however, 




Section at AU Reoultantficld. 

seen from D. 

loo 24 /onptr and rcsulta/ft field for l<n>p. 

• ■ , » *. . - . . ' 
bo compounded with the original vertical field and the result of 

this composition is that f Inclines of the actual ^Jield ia nature are 

tuistAl out of their direct ‘path. When the loop has rotated into 

its positioq of rest, the lintS that would be du£ ty the current alone 

coincide in direction wit h the ,lintri o{ ’the t*riginal field, i.e. pass % 

vertically upwards through the loop. Hence, as the loop rotates, 

the lines of the resultant field shorten their p$th,*and further become 

a maximum. * * 

If a magnetic field be divided up into tubps <ff flux, each of which, 

though possibly of varying aha, consents the saipe amoqpt of 

induction«throughou\ its whole circhitnl tehgth, Clerk Maxwell has t 
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shown that the state of stress in a medkm^whicty is magnetically 
indifferent 1 may be specified if it be suppose) that the tubes of flux 
arc subject M to • 

(i) a hydrostatic frc\sure, the 'same in «ill directions, Und of 
magnitude fP/Sn dynes per sq. cpi., and • 

# (ii) a longitudinal tension BH/4n tfynes per sq. cm. in the 
-direction o\ the lint's of induct ioh? , When, therefore, the lines ot 
an external field are distorted or deflect edVut of their original 
normal path by the presence of- the cun ent -carrying loop and are 
thereby caused to traverse ‘a longer path, tly interaction of loop 
and field tends to cause relative moYenynt through tvhich the lines 
are enabled again to straighten themselves. The following general 
laws, illustrated by the.above-descTilfed cam*, may therefore In- 
stated — • 

(1) TA tlu* lines <>f a compound field if distorted from their 
initial path l»v current -can ying cnnduofors mav be attributed 
a tendency to shorten themselves, an 1 if relative movement be- 
tween coil and magnet be }H»s^il »b‘ t this fendency will cause move- 
ment in such direction that the lines Uaomc progressively straighter, 
and shorter. 

(2) Every closed fitcuit cai tying a nirn nV teasels to se t itself 
so that the line*s embraced by it an* a maximum, and the direction 
of tin- movement will be such as to cause the linked flux to in* n*ase\ 

In simple c ases tin* f«*ices are easily < ale iila^h-, 2 and even approxi- 
mate* diagrams, such a* Fig. 23 or 21, of the fiu\ lound current - 
cat tying conduc tors immersed in a magnetic field are always useful . 
.is pictures suggestive of,the* (Inaction of the mechanical tin ust 
oi torque on them <<r on the- surrounding iron, 5 although in com- 
plicated cases they cannot be used as a means for quantitative 
calculation of the magnetic pull. 

$ 6. Mqpneti* pull on the conductors of a smooth armatire. - 
Ja?t us now consider tlir* case- of a smooth iron*< vlinder along the 
outside’ of whic h and parallel to it -s length are* arranged a number 
<>( conductors conveying curt eiits, the- whole being placed in a 
Tqpgnetic field between two jfde-piet'rc (Fig. *25). The direction 
of the lines in the air-sfiace* between the iron poles and the iron 
cylinder wfll be t^-atiy radial, except (or « small fringe of lines near 
the inter polar gaps, and e ven here Jhe immediate entrance of the.* 
flux into the a r nature core or its emergence therefrom if practically 
•radial. * '■ 

• # - . ® 

1 hUitnaty and vol. 2, § 642. Ii? aJcrromagnctic medium if 

U and H diverge in di^vtion, the case is more complicated. 

* Sec especially G. I*. 0. Searle ‘"On the Magnetic Field due U&a Current 
in a Wire placed jsaralWi t# the Axis of a C vlinder of Iron," EUctncian, vol. 40, 
p. 4M (28th Jan,, 1898). ♦ • # 

of*i ( dyi|ano with comjxnutting field-winding ; cp. 
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As will be step latep wian current flows through the conductors 
the flux-density does qot remain uniform even under the actual pole- 
faces, but if B gx is tlfltj flux-density at any part where # a conductor 
is situated at any moment, the force actijhg on it is B gz iL X <J0~ l 
dynes, where ZJ'is the length in, cm. of the conductor withm the 
influence of the field. If uie conductor is situated at a radius ol 
1 t 
Dj2 ( in., its torque is P gx iL ~ xJO" 1 dyne-rent i metres. Let 



B g mo * the maxi- 
mum density, and let 
h he a coefficient re- 
ducing its value to the 
average density over 
a whole pole-pitch so 
that 

If then by rotation 
the conductor passes 
through all values of 
B gx , its average torque 
during passage through 
the field of a pole-pitch 
will for a given con- 
stant current be pro- 
per t i o na 1 l o t h e 
a v e r a gV density, 

i(e dyne-centimetres. 


((f) Now as shown in Fig. 25 let the directions of the currents in 
the one half of the conductors (marked with a dot) under one pole- 
j>iec(*,bo towards an observer, looking at the cylinder Jrom its end, 
and* in the other half (crossed) away from the observer. 1 By appli- 
cation of the left hand it will be found that each conductor is sub- 
jected to a pull tangential to a circle passing through the centre 
of the conductors. .The dil ections of a few of these forces arc shown 
on the diagram. The whole may be considered as a number of 
loops all tending to set themselves vertical, so jis to unbrace all 
the liifbs of tke field, while'tfie ends of the loops will exert neither 
an upward ,uor a downward purl. Th6 total result of the action will 
be«that, unless otherwise constrained, the whole system of con-« 
duetors will rotate in a clockwise direction, and if the ah <*ve repre- 
sents an electric motor, 'the conductors will sp rotate. The tangen- 
tial pullfOu each conductor is removed and pat on again twice in 
each revolution as it passes over frommndef ope pote to the other, 
but » always in the same direction relatively to the/otation^ 
Further> let the current tin each conductot, although in different ( 
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directions in the two halves of the armaAirejhave 4he same steady 
value of /.amperes. The case of the «h mature of a 2 pole 
conti nuous*currcnt dynamo or my tor is then reproduce). Tin' 
♦average magnetic drag ol pull <*n one conductor* gassing through 
a •double pole-pitch (the directions of # current and flux chang- 
ing simultaneously) is kB, m „JL x IQ 1 dyfus audits average 
torque is J ^ '*• . 

\kB t imm9 JDL ^ 10’ 1 dyue-ceiithnetn-s. 

The same also holds if 1 he ntichine is ymltipolai ; hence if 
there are Z conductors in all on tl*- armature, the total tmque will 
he Z times tin* average* torque of a single conductor, i.e. it will be— 

\kB 9 wftjr ] ZDL x*10 _1 dyne-cciitiihetres .* . (4)§ 

or m the special unit of torque of § 2. • 

{kB, n „JZl)Lx HH 
60 X 1() 7 
2n 


t<B g Z~~ DL x 10* watts peu lev. per min. . (An) 

w | 

L< t <l> a the total number of C.fT.S. line 4 * W/»if Jp issue from any 
one pole and pass into the armature 1 , or which emeige from flic 1 
armature and enter into a pole of opposite sign, in either case 
forming a single field irj the air-gap cxtcndifig over a pole-pitch. 
The n kB g ma * ttDL is equal to the total flux of all fields, i.c. 

~ 2/4> a , # where p it the number of pahs of poles. Then (on-, * 
alternative expressions for* the tofal torque are- - 


T 


t*dl 

7T 


X 10“ l dyne-centimetres . 


m 


4-2s 

2p^JZ 

60 


X Ur 8 Jlv feet 


X JO -8 watts per rev. per min. . 


# (4c) 
(4,/) 


Multiplying (4) or ( 4b ) or (4cj by co the angular velocity in radians 
per sec. (~27riV/6d where N is the number (tf revs, per min. ), wt;obtain 
the rate of absorption or development, of mechanical energy in the 
machine either iitergs per -second in the first case, or in foot-pounds 

* per second*in the Second afte, hmf multiplying (4 a) or (Ad) by N, 

it is giv«l directly in watts. * • • 

In the older types of dynamos or motors with smooth-core arma- 
ture, such as that sffown in Fig. 25, the d^hsity of field i ft the air- 
space through whi&i ttys conductor moved was usually at least 
5,500 C.G.S. tin^s per ^uare centimetre. The force acting on each 

• conductor per foot of active length is* then 00376 lb* for every 
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ampere of current fWwinfe through it, or nearly 3$ lbs. for 10$ 
amperes. The active wires had therefore to be securely fastened to 
the armature of the dynamo, and preventer! from slipping under the 
action' of the magnet iV: drag. Tins, was ejected by thin hard-Wood, 
driving strips (preferably ^>1 hornbeam) let into shallow gfooves 
milled longitudinally across the armature core. 

(b) Next, in reference to alternating-current machines let it be 
assumed that the density of the field of each pole-pair is constant in 
time but is distributed after a sjne law over tin* double pole-pitch ; 
that the currents in the conductors follow a sinusoidal law in time, 
and, therefore, also spaciaHy at 'any one moment over the double 
pole-pitch ; and lastly, that the maximum value of the current I 
/— >J2 times the virtual current J) coincides with a position of 
the conductor* carrying it in the maximum flux -density which we 
will symbolize: by 0 gt maj , to indicate that the field is assumed 
to be sinusoidally distributed. Reckoning the angular position 
of a conductor frnin a point where curieut and Held change direction, 
the instantaneous value of the current i*> I sin a ~ y/2 J sin a and 
of the flux-density in which it is situated is mr sin a. Since 
one pole-pitch corresponds to 7 r eh^c/rical laditns, the magnetic 
drag or pull fro^n ofte conductor aveiaged over a pole-pitch is — 


1 f* 

I Mg* mu 1 sin a \/2J sin a da X H)” 1 per cm. length 

"Jo 

y/2 f* 

HgnmatJ X / sin 2 a. da X 1-0* 1 per. nr. length. 

Jo 


/,> Mg* n&M J X 10~ l dynes per cm. length. 


If L'hv the length in cm. of the conductor within thp influence 
of the field, the (average total pull of i/s whole length during 
movement over the poje-pitch is — 


y2 •#„»««/' X 

and at radius l)j'l in an., r its. average torque is — ( *’ 

*» j • 

o /<> tA» **» J ID x 1 0'^ dy neHxntj met r es. , 

♦ , V , „ . 

Since thpre are Z such conduct ors^ the total torque of the Machine is 

1 4 « 

7 — maa JZLD x lO-i dyne-centirtfetres . (5) 

t 1 IT U * 

- yjj w JZ — DI. X 10-««wstts.pcr rev. per min. . t {5«) 
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* 1116 FC'-ious expression for the continA>u: current case was given' 
m terms of the average density, kB. * On Ate basis of our 
assumed sinusoidal distribution of the field in the alternating- 
ounent case, k = 2 fir. ar*d we may equally v<c U witr— ‘ 


•T 


2\/2 ' ^ §t ^ ^ lO^'aUs jftr rev. j>er min 


where k has the special value of * 3 /*. for the ca«c of For 

' V P^ ~~ *•* fy* may then 1 * substituted 2 /*J> 

whtre^ ts the total flux of one pole-pitch wlum the field is sinu- 
soidilly distiihuted. Alternative expression* fur the torque in 
terms of the flux per ^ole-pitch incite alternating care are, therefore 
/><!>„// . . 

<K r ne-cent iniet res* . . 

V p<b„]Z 

4 25 X 10 " • 


y 


2 ‘ 


( 54 ) 

(Sr) 


- \ - 


60 


X 10' H watts pel lev. per; rnin. 


(5c/) 


A fui t her 


approach to the conditions of practice 1 is given in 
Chapter VI, § 14, where it is diown that when th»< hange of direction 
uf the ( intent in the conductors does not mil, ride wiih their posits >n 
oil till- line whole the field changes dilu tion lmt lags In hind it, 
allowance must be made for this by multiplying t he above expressions 
bv the fosinvf the angle of lag. Lastly in pi act ice the alternating 
lunent does not spanatly vary sti inly after a sine law over the 
double pMc-pitch,p\*en if in any ni*e conductor it varies temporally 
after a sine law : the conductors are, in fact, divisible into a com- 
paratively small number of groups, in ea. h of which the current 
at any moment has one ;jnd the .same value, since the conductors 
of which jt Is composed are in serits. To take account this 
departure from the conditions assumed ahoye, the expression 
must be multiplied by a differential faetoi k,„ which will be further 
explained later. ' • 

*B)th the continuous-current valid alternating cases,may tin n he 
brought under one g. ncr.'l fotnmla, as-- 


7 


hf . k d . k.'B, J/. — I)L x »0; 8 \vatts per rcy. per min. (5c) 


■ ft, . k d 


2 p®.JZ 
60 ~ X 


10-* watts pir rev. per min. 


(•V) 


* It the tu-lil .listnbVtion is not ninety sinus., klal, then as a first approx- 
rnation and with butjntlc erny may be taken the fundamental oT the flux- 
rve. Ann for arfifl fli will )v« r* * /t* t 


rnrv^ • • * > lumwmcnuil OI me nux- 

hhlsinu ** an V’« w " 1x4 *>lf«titnted 0,1 and <I>,. 1 „ most case, 
hMfcutial step in the compile process for the actual field is all that is rdhuircd 
•or practical purjfbses. • « * • 1 
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where in the <^ntinuop-<fcrent case k f and k d are both unity,and 
in the alternating cas$ with a sinusoidally distributed field k t «* 
•nj2y/2 and k « 2/a*, the former being the " form 1 /actor ” or 

. .virtual value * , t ‘ . i. average value * , 

ratio g \ and the latter the ratio . . of* 

average value e maximum va/ae 

a sine function. V in tne latter case the change of current - 
direction docs not coincide with change of field-direct k,n, T is thd 
hypothetical torque, that Would restilt if there was coincidence, 
measured in volt-amperes per rev. per min., and the real torque 
in watts per rev. per min. will be “given by the product of the 
hypothetical torque and tl\p angle of lag cos (f> § . 

| 7. The toothed or tunnel armature and it* magnetically shielded 


ponductors. -Next let the clirrent -carrying * nnductors be embedded 
in slots on the surface of the armature, as in Fig. 6, or be actually 
threaded through clpse^J tunnels. Tlu reby t hey become mdgnctically 
shielded > so that the flax-density B $ within the slot or tunnel is 
only a' very small fraction of B t , tlie average flux-density in the 
air-gap, and a st*ll smaller fraction of B t , the flux-density in the 
teeth. The mechanical force on a conductor is then strictly 
proportional to B v the density of the Ji< Id in which it is immersed 
in the slot, and^ obeys the fundamental law 1 of equation (2). For 
th' same total flux therefore the mechanical torque on the conduc- 
tors of the toothed armature is very much reduced as compared 
with its value' for the, same* conductors and current on the surface 
of a similar smooth-core armature. Yet actually it, i* found by 
experiment that the total torque on the toothed armature as a whole 
is precisely the same as on the conductors of the similar smooth-core 
armature. 

The explanation of this apparent paradox is again to be sought 
in the interaction of the magnetic field of *ho conductors in t ho slots 
witljVhc main field. The influence of the magnetomotive forces 
of the conductors extends into the air-gap and causes the flux to 
take a slanting direction across the gap from the iron surface of 
the pole-pieces to the iron surface of the armature. Its path is 
therefore longer, ami the tension cl the lines causes a magnetic 
pull between the tips of the teeth and the iron pulc-faces which has 
a tangential component, <* \ 

Fig. *20* shows the path dfttye lines in the air-gap after emerging 
from a block of iron, which is immersed in a uniform magnetic 
field and in which is embedded an insulated conductor carrying a' 
« ’■ « 


1 For experiments in proof of this, cp. \V. M. faordey, Journ. L E . E, 
vol. 26, pr 566 ; cp. also F. M. HclUt, Elec. World and Engineer, vol. 33, 
p. 699 (1899). « . 

t * 

• T&ken from Mr. Seylo’s paper above quoted ($ 5), to which the rtoder 
is again especially referred. * 1 6 
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Fig. 26.- 


l\»rie*on *rou containing an 
I'mlxuftled conductor. • 


current directed away from the observed drawing the diagram; 
in order to show the distortion of the line?, the strength of the 
original uniform held H 9 in the air has been made small as compared 
with the magnetic force* due t«j the current at thejxmits iivlhe air 
qgar&t to the current ; 
in an actual dynamo 
it would 4>e greater, 
and the distortion less, 
a ht h o u g h always 
present. From the 
tension and pressure 
mentioned in §5, there 
results across any 
plane in the ether 
parallel* to the face of 
the block and above it 
not only a tension • 

tending to lift the block, but also a sheafing strips tending to make 
all the system i>clow t he plane move towards t lie right . Tlie sh >ping 
direction of the lines as they leave the irr»n shows that the iron will 
experience a force towards the right. The* whole of the force 
parallel to the face of the iron ill 0 would in any case finally <*>me 
upon the block of iron, blit now if the tunnel is circular and small 
the force on the oviduct or parallel to the 
face of the iron, per cm. length, is 
only dynes, and the remainder. 

-&//*) falls directly on the iron. 

Fig. 27 shows roughly, and to an 
exaggerated scale, the path of a line 
•through a double air-gap and cylindrical 
iron core, when the latter has a ofijrent- 
oarrying l<x>p embedded in it near its 
surface, in the position of greatest tojque. 
Again by fn,r the greater part of the 
mechanical* torque •falls directly on the 
into. 1 * 

When tile armature is toothed with 
open or sejni-closcd slot?, an accurate 
# pictorial representation and •quantitative 
oalcillatfon of the relative forces oif iron 



to torque on «ron 
cylinder containing an 
embedded loop. * o 

• * 


and conductor ^becomes more* difficult. 
The qualitative efteot is therefore only roughly indicated in Fig. 28. 
rhe flux of the fiel5 after passing through* he air-gap proper divides 
1 See especially " , Th9 Magnetic Field in Tunnel Armatures,” by Prof. F. G. 
Jaily, Electrician, vol. 3#,p. 810 (15m Oct., 1897), with subsequent corre- 
pondence, and On Ma*$ncti% Shielding/’ bv Prol H Du Rqjs, Electrician , 
ol. 41, p. 108 (20th May, 1898). 
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between the alternatiy: p&ths offered by the teeth and the slots 
in proportion to their permeances since the two paths are, roughly 
speaking, in parallel ; the relative densities within tooth and slot 
are therefore B t jB 4 *= /i, where ju is the permeability of the iron 
teeth for the induction B ^ wit hi p them. Since the permeability 
of good iroij stampings even at as high a flux-density as 20,000 
Jirt<rs per square centimetre is to that of air as 66 : 1, ip is evident 
that if the width of the teeth is comparable with that of the riots 
almost all the lines will folio w the irotf path. But the lines, instead 
of being nearly uniformly distributed Over the face of each tooth, 
become denser on the trailing than on tin; leading side ; by 
the " leading side ” is indicated that side which during rotation as 

a dynamo first enters 
or leaves the gap be- 
tween two poles, (the 
“ trailing " side being 
that which is the last 
to enter or leave the 
interpolar gap), and 
the difference between 
the densities of the 
two edges increases as 
the current is increased. 



4 Direction of rotation as generator 

> ,, „ ,, ,, motor. 


The lines tend to 
'shorten and straighten 


lor; 28. Distribution <>f (lux in tootlml themselves, so that the 
armature rarryiiiR wirrriit. ,,-s'uU of the Ullsyill- 

metrical distribution is 

to produce directly on the armature core a magnetic pull 
dependent upon the amount of current* that is flowing in the 
condtfttors. The extent to which the driving forev f that the 
conductors would experience on a smooth core witn the same 

total flux is transferred to the iron of the toothed armature de- 

< * 

pends upon the degree to which the teeth ai£ unsaturated, i.e 
upon the average density m the aii*gap and the relative propoi- 
lions of the widths of toot li and slot. If 6900, and the width 
of the slot is about twice Jhat* of the tooth, the * bo vc-mentioned 
relative 1 * densities would be obtained, namely, B t /B a ~- 20,000/300 
« 66 ; the fpree on the active conductors is then B^B 9 300/6900 
« j l Jrd of that to which they would be subjected on * smooth 
core with, an equal average density, and Jijrds of the total pull is 
transferred directly to the iron. The conductors themselves, 
therefore, and the insulation between the conductors and the walls 
of the slot are relieved from the greater J^art of the driving stress — 
a fact (9f great importance to the dynamo designer. • * 

Thus the toothed armature h which in an elementary form was first 
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employed in the ring armature of PacAot^j, not only gives good 
mechanical protection to the conductors,* fcut affords a perfect 
system of- "driving. Largely on this account it has displaced 
, the smooth-core armature formerly in vogue, and is now .almost 
lyiivArsally employed for all clashes of ijtachints. * 

. But whether the armature he smooth or touiVd, the impoitance 
of sufficient mechanical strength flo. core, shaft Mnd framework in 
general in view of the forces described in tilt; present Chapter will 
hcpt dear. It only remains to%e a^ded that in spite « if the tiansfer- 
ence of the major part of the torque from the conductors to the iron 
in the toothed armature, the totahtoiqu^ <>n the armatuie as a whole 
remains discoverable* by equations 4 5, when B 0 is intei preted as 
the density in the air-gap, and the conductors ate imagined to l^e 
situated therein as they would he on an equivalent smooth armature. 



CHAI>p?« V 

tw promotion of an. electromotive force 

'y • * r 

| 1. The law* and the catuta of induced EJLF.— The theory of 
the induced E.M.F. of the dynamo as presented in textbooks has 
usually been based avoiding to the preference of the author either 
on a line-cutting law or on, the rate of change, of line-linkages, the 
former being a concept which may be connected especially with 
t{ie work of Faraday, and (he latter with that of Cleik Maxwell. 
It is further usually stated that the two laws may be regarded as 
mutually convertible, and that either may be chosen as convenience 
dictates. • Although this is very largely true, it may be questioned 
whether* the matter is really so simple as is commonly supposed. 
So long as only smooth arfnatures were in general use, no difficulty 
was felt since the theory of tln ir action is equally well explained on 
either basis, but the introduction of the (outlied armature for almost 
all classes of machines raises a problem which calls for a re-examina- 
tion of the fundamental theory and possibly for its re-statement 
on somewhat different lines. 

Before proceeding to discuss the validity of the two laws based 
on the concepts of Hue-cutting and of ratemf change <;>f linkages, 
each will in turn be given some further consideration, with a view 
to bringing out their essential natures And differences. Ceitain 
suggestions in regard to the physical causes of an induced E.M.i*. 
will then be tentatively put forward, the grounds for which follow, 
and finally in the light of these suggestions a return will be made 
to thy>wo laws, in order to test their validity and c*>im<^tion. 

» c 

I. Tin; Link cutting Law 

| 2. Movement of a body in a stationary magnetic field.— It ha* 

been shown it* Chafer JI in the presence of a permanent 
magnet, electromagnet or current -chriyfng Conductor the surround- 
ing space possesses cert aiiwdbi* motive properties.t-.lt lias further 
been shown that the properties qf the magnetic field of induction at 
any point may be completely defined by a, vector having a certain 
direction, magnitude and sense. u f c * 

Let a straight rod or arvelement ro small that it may be regarded 
as straight, of any material substance, conduct iVe or insulating, 
be moved hi a stationary magnetic field (cp. Fig. 1 29). Three direc- 
tions are then concerned, viz., those of Vhe fkltfc of fhe length of 
the moving body, and pf the movement, (m) If all three coincide, 
no difference of state can ht detected and no E.M.F. is induced* 
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II two of them arc inclined to one anotfier at some Ingle, a plane 
containing them is thereby defined, and two further cases then arise! 
Either {b) .the third direction falls in the •plane defined by the 
other two, or ( c ) the three directions are not in the same plane. In 
the (prmcr case again no E.M.F. is induced, and nothing ‘distin- 
guishes the movement from movement through unmagnetized 
»5pacc; it Js, in fact, perfectly indifferent whether jjic magnetic 
field surrounds the moving body or not. BuJ in cast 1 (c) an electro- 
meter applied to the ends the moving body will show that an 
E*M.F. is induced during the movement, the potential of one end 
being raised above that of the other. 

The feature whidi distinguishes tint thiid ease from the other 
two is that the body now does not sinjply move in the field, but is 
caused to cut across the magnetic field, its length intersecting 
passing*athwart the lines which as we have seen m;ftk the direction 
of the field. Tlie cutting action is at once •rendered evident, if 
the reference plane is taken as formed by the length of thf* element 
and by the direction of its movement ; then by the definition of 
the third kind of movement the direction of Hie magnetic field 
must either b*e perpendicular to tin? above plane or have a com- 
ponent at right angles to it f so that tin' lines or resolved components 
of them are directly cut by the moving demerit. 

To this law there is no exception, and it matters not what Inay 
be the material of the body, whether it be a solid conductor nr a 
liquiiUelertrolytu or an insulator. If the b^ly is a conductor, and 
it- ends art? electrically joined (as r.g. in l'ig. 22) so as to complete 
a closet! circuit of conducting matenal, part <»f which is outside the* 
magnetic field, current of electricity begins to flow undo! the 
induced E.M.F, and continues to flow until alter the (onductor has 
ceased to cut through the field. The conductor within the magnetic 
field may be appropriately regarded as having become! active owing 
to the action having its origin within its length. 1 

That the origin of the E.M.F. causing tin* Current is located in 
the length of the body moved across tlu^magnetic field may fairly 
*be concluded from certain elemental)) easts, sta ll e g- as a single 
c onductor rotated in \ uniform homopolat field (c/>.»Fig. 8). It is 
true thal until some more or less definite! circuit is applied to the 
ends of the c<$idiietor through art ijirtkating instrument* we can 
have no knowledge as to whethei tfinte F any difference of potential 
bet ween its on<5s or E.M.F. noticed in il ; thus even wfh-n an electro- 
metei>is employed ar* the indicaling insfiunient, it s circuit, though 
an imperfect one, is virtually 4 dosed through the eth*r between 
the plates of the Electrometer, and we only become awar<! of the 
presence of«an induced I^M.F. by rcasofi of the charging or " dis- 
placement " currrenMhat flow-through it. Hence the effect of 
the movement of the conductor can^only appear in the cTrcuit as 
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a whole. Y«l, irt such a /rase as that cited above, it is the onlj 
reasonable assumptions hat the E.M.F. is induced in the moving 
conductor, since everything else remains entirely unchanged and 
unaffected. 

I 3. Simple translation of a straight element through a mapetk 

field, — The fundamental iflea off line-cutting to which reference 



,(l).End El«v«tion frorA M 0H.8tdo Elevation from Y 


will frequently lwm- to 1 bo 
made may best be illustrat rd 
by further consideration of the 
simple easts of a st raight element 
when its movement through a 
magnetic held is one of trans- 
lation only. In the previous 
statement the two directions M * 

^contemplated as forming a 
reference plane were t he lengt h » 
of the element and the direc- 
tion of its movement, and tin* um.pian on a T pi*n« normal 

direction of the held relatively • totseFiaid 

to that plane ileei.I.il the w Son,, I,. tr'nl.lH,,, „f 

question of whether cm E.M.F. MAught dement, 

was induced. But a plane 

normal to the field is at once defined by t h<> direction of tin- 
latter, and by. reference Jo ♦ibis norfhal plane, the case can hd 
put in an alternative form. Let tl\e lehgth* of the active (‘lenient 
AD be inclined to the direction the held at some afigle a (Fig. 29i); 
then the'projecKon of its length on the plane normal to the held i> 
ad (Fig. 29 ig). Next let the direction of the nnftinn Om' (Fig. ( 
29 ii)^>e inclined to tin* direction rtf the field at some angie ft, and 
let the projection of Om' € mi the normal plane be Om ; fhen if 
these two projections ad and Om enclose any aftgle, the movement 
of the conductor causes it* to cut across lines along its length. If 
the three directions coincide as was hrsf supposed in case (a) of 
§ 2, the*projections of tjie active conductor arjd of tlye direction ?>f 
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movement on the normal plane coincid4 a a point, and the con- 
ductor merely passes end on through the fie!*!. If the plane formed 
by the length of the conductor and the direction of movement also 
contains the direction of the field ‘(case (b) gf § the promotions 
• of thqtwo former on the normSl olane fall in one straight line, and 
df> not enclose any angle ; in this cast* ft t her \Jf\v conductor singly 
•slides up and down the linens, or it# mot ioa is partly endwise through 
the field and partly sliding along the lines, btit no lines are cut <»n 
either alternative. • 


Pir«itun ol Movement el Acliv* Wtfl 



. , A* 


• *> t-'o - 

I n,. HO.-. Maximum 
fr«*m (<uulu< tor moved in 
magnetic field. 


Jlut when the above exp.cssioffs are used f il must always be 
borne in mind that in* question yf t he ^avoidance of discrete lines 
by the moving conduct or is in reality 
involved ; the field is everywhere 
present in the space surrounding the 
moving body, and it is structureless 
although it has direction. The 
appearance of separate and distinct 
lines is only an accompaniment of 
the pictorial representation of the 
field and is simply due to the con- 
vention by which the strength of 
the field is indicat'd by the number 
of lines per square centimetre. 

S 1 The direction of the EJLF. ~~ 

When the leygth of thi conductor 
lies in the plane normal to the field, 
and it is moved at right angles to i^s 
length in that plane (Fig. $)), then if 
the field is direct'd as shown in that figme, the " sense " or dire* tiou 
in which the E.M.F. acts alyng the length AD is from the observer, 
so that the ond ^ A is at a higher potential than the end I), as 
drown by the arrow in the plan. , 

In this the simplest case of electromagnetic induction, it will be 
M*en that the directions 01 the field, of the length of the active 
eleWnt, and of the movement are all «tiiglit apgles ty each other, 
and form co-ordinate axts, a? indicated in perspective in Jog. 31 ; 
further, the direction of the induced H.^.F. js most easily remembered 
and discover'd by means of the following rule. IVacc (hi right 
hand outstretched yi tne line of the active conductor, so tha{ the thumb 
joints alon^ the divert ion of tin? field, i.e. towards the S, foie, thul 
further sodbal when relative movement takes place the lines of induction 
pass across the hared from the palm to the %aek ; then the induced 
E.M.F . is directed frmt the u risk to the tips v] the finders (a* shown 
in Fig. 31). I* will.b^ found that, according to this rule, if it is 
the conductor which is nffived while fhe field is stationary, the palm 
o f the hand must* face in*the direction towards which the movement 
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is made, as in .the cas^, illustrated ; but the direction of the E.M.F. 
would be exactly the same if a moving field crossed the conductor 
in the opposite direction, the conductor itself remaining stationary, 
in which case it js the back of the hand which must face in the 
direction of movement. Or aga^i/both field and conduct o' may 
move in opposite directions ; but in all cases the lines of the flux 
must by the movement ti averse the right hand from 4 he palm to 
the back, if the direction of the E.M.F, is to be found by the above 
rule. 

In the general case of Fig. 2 'a, it is only necessary to apply the 
same rule to the projection of the actual length of the conductor 
on the plane normal to the field. By th(‘ rule of the right hand, 
when laid outstretched along the projected length ad of the active 



l'l<» 31. (Vonlinal« axes of length of uuuturtnr. vn<l directions of 
movement and field. 

conductor, so that the lines traverse the hand from the palm across 
to the back, the E.M.F. is directed from the wrist to the tips of the 
fingers. 

$ {I. The magnitude of the E.M.F., and its average and instant- 
aneous values. Just as the nature of the material 1 makes no 
difference to the inducing of an E.M.F. when the three directions 
are not in the same plzfhe, so likewise it does not in any way affect 
its magnitude. A cruciaf experiment in proof of this was made 
by Faraday when lie showed that an irop. wire and a copper wire 
twisted together, joined at one end and connoted at*tkeir other 
ends through a galvanometer, gave no deflection when the pair 
was passed across a magnetic 'field. * 

The actual magnitude of tlu^ KdMLF.' indu£efl*along the length 
of the element considered is in all cases proportional*^ the rate 
at which the lines giving the strength of the |itld are cut sSong that 
length. .The larger tin; number cuj in a give* time, or the shorter 
the time taken to cut a given number, the greater is4he E.M.F. 

Tke average rate of cutting to whiejf the average E.M^p. is 
proportional is the ratio the numbtr of linos art in any time to c 
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I ^ 

the time taken to cut them ; so that if <t> lS the k>Ul number cut* 
along the length of the body under consideration in time /. the 
average EfM.F. induced between .the endLs«of that length is pro- 
• portional to <h/f, or E #c = h&jt, where k is some conV%mt , the value of 
which depends on the system of fmits arcording to which the field 
# is mapped out in lines and time is leckoned. (7h jhe C. W'.S. absolut e 
system the magnitude of a iqiit of induct ion. is so chosen that one 
line cut per second generates the absolute itnit of electromotive 
fofte, and k is 1. As, however, unit E.M.F. on the absolute system 
is inconveniently small, the practical unit of the volt is one hundred 
million times greater, and consequents 100,000,000 C.G.S. lines 
cut per second produte one volt. If, therefore, <i> he nrkoned in 
C.G.S. lines, and t in seconds, and E is to be measured *as is usual*, 
in volts, # A ~ 10’ 8 , or 

<I> 

^’or^roj# ^ Volts. 

The C.G.S. unit line is therefore as inconveniently ^sniall as the 
absolute unit of K.M.F., and a “ kilolftie," equivalent to 10 3 C.G.S. 
lines, or a “ megaline ” equivalent to 10 A C.G.S. lines, have hern 
sometimes adopted as the practical unit of fluxT so^that the fluxes 
and densities met with in dynamo practice may he expressed t>y 
more manageable quantities. 

But if the rate of cutting is variable, tlnn#(as in the case (jf all 
phenomena Which can Ife expressed in tdins of a time rate) a dis- 
tinction must be djawn between its average and instantaneous 
values. To approximate 4o the jfctual lute of cutting when this 
is variable, the number of lines cut in a very slmit time must be 
taken and must be divided by that small time, until finally for 
complete accuracy the actual late of cutting at any instant is the 
limiting valid: obtained when the infinitesimally small niftitber 
of lines cut is divided 1 fy the infinitesimally siftall time in which 
they arc cut, or in lanbnijz’s notation of ^lie calculus, the actual 
K*M.F. induced at any moment C - , 

• • • i 

• . • 

Gw xtantoffona ^ Vults . . • • * (b) 

§ 6. The magnitude of the E.M.F, ipiuced by simple translation 
of a straight element injterms of the virtual cutting length and 
Velocity in. the pldnfi normal lo the field. -Returning to Fig. # 30 

represenfihg a straight wire being 4 iioved parallel to itself aaross the 
lines of a uniform* fieM, it* will be seen that ‘the plane containing 
the length of the wire and tire direction* of movement* is itself 
normal to the* field,* afnj that the direction of movement in that 
plant is at right fmgles tj^the length of the wira Let I be its dfctive 
•length within the field in cm* and upon fhe line giving thb direction 
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* of movement k( a len$h he marked off equal to the velocity in 
cm. per second ; then* the area in sq. cm. swept through in one 
second is ADD' A' tV. Hence if B f is the uniform* density of 
the flu* in the pie-gap in C.G.S, lines per cm.*, the E.M.F. induced 
between the points. A, I) is - u 

e B 0 EV X J0 :< * volt s . . . |t . (7) 

But in the more general case of Fig. 29 when the three directions 
of field, active dement and movement are not all at right angles 
to each other, and considering the plane normal to the field as in 
§ 3, the projection of the length L of the active element on this 
plane is / L sin a (Fig. 29 i),and this value must be taken instead 
id L as being the effective cutting length.. 'Hie velocity V inclined 
at an angle /? to the direction of the held may be resolved into two 
components V sin p iv a plane normal to the field, and 1 !' cos ji 
in a plane parallel to the lines of the lield. So far as the latter 
component is concerned, the movement is merely a sliding one along 
the lira's, so that i»t is only the former component v V sin /j which 
is effective in inducing an -E.M.F. In the projection Om of the 
direction of movement on the norma), let Op dg - 7’ (Fig. 29, 
iii). The parallelogram adge formed by the effective length and 
till effective velocity is then the projection on the normal plane 
of the actual area ADGE swept through in one second. If y be 
the angle of inelinath u of l and v to each other, the projected area 
‘■Ivsmy. Over t his area the full density H t he Ms, and the 
number of lira s cut per second is Ji 0 l r sin y. Substituting the 
previous expressions for l and v, the induced K.M.F. is therefore — 

e l.V sin a. sin /? . sin y . X H)* M volts . . -(H) 

The K.M.F. induced in a rectilineal element by simple translation 
through a field is thus proportional to the virtual area swept 
through on the normal plane when the length and velocity of 
the rectilinear clement are projected thereon, multiplied by the 
density of the lines assumed uniform over that area. 

Such is tin; complete law* of the. K.M.F. induced in a straight 
conductor moved parallel to itseh throng, i a magnetic field, and 
the close analogy of (8) w’th the expression (3) pi^viousTy obtained 
for the magnetic pull on *a straight current-carrying conductor 
immersed ir\ a magnetic held will be noted. They may be put into 
sinfilar words as follows- - - ' * 

With Any position of the conductor relatively to the line of field 
and the line of acthfn, or line of me Yemen* in the K.M.F. cast*, 
either the projections td the conductor’s length and of the line of 
action or movement are in the same straight hne, or they are in- 
clined to each other , at some angle othenithan 180°. In theefirst 
case there Is no magnetic ^nill acting fm fhe conductor tending to . 



61 


THE PRODUCTION OF AN E.&.F. 9 

move it in the given line ; nor is there any E.M.F, fhrough move- 
ment along the given line. In the second else there is a magnetic 
force or component of a pull along .the line action, and a certain 
•K.M.F. induced by movement along the line of movement. ^Vhen- 
ev/*r a* conductor is subjected to i magnrtic pul!, the line of act bn 
along which the force is a maximum is at riglft angle$»to the pro* 
jected lengA and in the normal plant, i\n<\ it js along a similar line 
of movement that the greatest E.M.F. is induced foj any given 
inclination of the conductor to the^ield. 

f 7. Lens’s Law.- ~Bv comjxiring Figs. 22 and 30 it will be set.ii 
that the direction of •greatest magnetic ^>ull is exactly up|H>sod to 
the direction in which the conductor must be moved in order to 
give the greatest K.M.F. Again, by compaiing Figs. 41\ and 2& 
it will be seen that there is a comjxment <>f the magnetic jmll along 
a line of action which m Fig. 21 was chosen ft> a ; to be directly 
opposite to the line of movement of Fig. 29. Vet in bofy cases 
the current has been shown directed simiiaijv to the K.M.F. , t.e. from 
I) to .1. This opposition of tlie pull to the movement giving the 
K.M.F. is emlxAlied in the rule that hi detei mining the direction 
of an K.M.F. along a given dine of action the ngM hand is used, 
while in determining the direction of pull on the conductor the left 
hand is used. Suppose that the conductor conveying a current 
from D to .1 is free to move under the action of the pull ; then at 
once it yits the lines of the field, and the indufed K.M.F., as shown 
by the application of the right hand, is from A to /) ; it is therefore 
a l>ack E.jl.F. opjx>sgig the flow of the current. This is the case of 
the electric motor . Whene'er a confluctor is free to move under the 
magnetic pull on it, or under some component of it, it always cuts 
lines along its length, and induces an K.M.F. so directed as to 
oppose the flow of < urreift to which this movement is itself jlue. 
That it mutt so Oppose the current is evident if we consider t\4iat 
would be the consequent were it to assist the flow of current ; the 
latter would be increased, Jhe pull would )*opott innately increase, 
and the conductor would move with ever .increasing velocity, whi< h 
in^urn would induce a continual]}* increasing K.M.F. *in the same 
direction a^the current ; this process would then go on for ever 
until both the E.jf.F. and current Wert* infinitely grea^. An indefi- 
nite amount of energy’ in an electrical form would thus be obtained 
without the expenditure of any, in contravention of thc^law of ^ie 
conservation of energy. * * 

Next, fet the current in AI) he itself due to movement of it 
through the magnetic held ; that is, an K.M.F. is being generated in 
it, acting from p to A , and the case is that of the dynamo or electric 
generator . The direct of movement must be towards the # left, 
but the direction of tte'foye acting on the conductor, jiue to its 
"carrying a current from D to A, is towards the right, # and so is 
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directly opposed to ‘the movement which produces the E.M.F. 
Hence the movement of the conductor is resisted by $ mechanical 
drag in the opposite' direction, and this fact may conversely bf 
used to deteruwie tin; direction of the E.M.F. along the length ol 
the active wire. For, suppose a current to flow under the induced 
E.M.F., tlmdireetjon of the two being the same ; then this direction 
must be such that there shall be a force acting on the wire opposing 
the movement which induces the E.M.F. fn all cases*, therefore, 
of electromagnetic induction the direction of the induced E.M.F. 
must be such that sv current flowing under it tends by its elect n - 
dynamic action to stop fhe motion which produces the E.M.F. 
This general statement was formulated by*Lenz in 1834, and is 
known as Benz's law. 

{ 8. The E.MJ\ in terms of the component of the flip-density 
normal to the plane containing L and V and the angle between 

L and V in that plane. -If it is preferred to consider the reference 



plane containing I, and V as in § 2, let £ and V be inclined to one 
another at the angle y\ The area of the compile ..parallelogram 
swept tluoiigh in*one second is tln n ADQE =■ LV sin y ' (Fig. 32). 
If the direction of B g is not at right angles to the plane of L and F, 
let it be resolved into two components’, one parallel to the plane 
and the otl^i at yght angles to it The value of the latter ct^n- 
ponent is B g cos a, where a* is Hie a ugh* between the direction of 
the field and the animal V’%Pl ane of LV, and^ giveS the virtual 
density over* the area LV sin y 9 at right angles thereto. The 
induced E t M.F. is then- * # c # 

e = B 9 LV cos a ! . s'n y ( . x l(f“ 8 wolts * * . „ « (9) 

The E.M.F. is thus from th& point of view' proportiohal to the 
area swept thiougli in one second multiplied £>y the component of 
the flux^density which is at right anglqs to the planr? of L and V. 

Tl^e equivalence of the twr inodes ofc Expression (9) and (8) 
follows at # once from* the proposition <?f soled co-osdinate geoiftetry 
that if is the area of any closed plane figure and A is the area 
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of its projection on another given platfc, H * A , oos a', where of 
is the angle between the planes, i.e. the angle that the direct ioi\, of 
a normal one makes with the direction of*a normal to the other. 
In the present case if AG is^ the diagonal of Jthe parallelogram 
formed by L and V, it is incline# to tl^p normal pfane at the angle 
<1 wlm\ is the same as the angle between R t and its comjwricnt 

* jH‘rpendicidar to the plane of l \, tqd V, and th£ area formed by L 

and V, viz., LV sin y, Vhen projected, on to t lie normal 
plane, is LV sin y cos a! =* Z*v sin y . Hence cos a' sin y* ~ 
sin a . sin ft . sin y. , 

$ 9. Effect of wi4th of active demeqt. In the production of an 
E.M.F. by line-cutting, any line of action joining two points A 
and D iri a conductor may be considered, 
and this line need not coincide with the 
length \»f the conductor, as tacitly 
assumed in the previous cases. It might* 
c.g, be necessary to find the E.M.F. 
acting across or slanting from one side tf> 
the other of a.wido conductor ; it u*>uld 
only then l>c necessary to consider a thin 
lamina within the substance of the < on- 
duct or and across it in the required direc- 
tion, and to treat it as tin* length of the 
active element in the same way as before, 
by projection of tt on to the plane 
normal to the field. 

Again* when tU” activg element lias width, as AD in Fig. 29, 
and it is required to find the E.M.F. acting between its tw’o ends A 
and I), in strictness it would be mcesaiy to divide it mentally 
along its length into a number of vciy thin laminae lying side by 
side ; the^rfa traversed by any of these would in any time btfypial 
since they move with equal velocity in the f*me direction, and 
therefore with a field of uniform density t]ie E.M.F. induced along 
e^ich would be cqu^l, anefthey may al^ lx* regarded as in parallel. 
Hut if the one edge of the whoh«bar wm^nyvin# in a fu»ld of different 
density, as in Fig. 33, where lib iff moving in a stronger field than cd t 
then ab will induce a greater E^l.Ji than cd. Consequently, 
tinless the thin laminae are electrically sepaiated by sline insulating 
material, a current will fiyw roj^nd tfie bar as a whole in 4he direct ion 

# shown by arrows* *The caoe is introduced owing to its importSnn* 
in the Manufacture of dynamos, as will subsequently apjiear ; it 
will only here be added that the difficulty i$ overcome, if midway 
in the length of the bar the* positions rt the insulated laminae 
are transposed by twisting the wjiolc through 180 °, so that t.g. 
the^lanuna which is on *the right outside ecjge for half itstength 

o reappears on the left outsicle edge : th<?.E.M.F/s of all laminae are 



i k,. ;ci. 
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thereby equalised, an<^th4y can be joined in parallel by soldering 
at # the ends ad* t be without fear of any parasitic current flowing 
up one side and down the other. 

II. Tilt “ LlNtf UNKAOK " Taw 

0 > 

| 10. Time-variation of magnetic flax linked with an electric 
circuit. In place «»f a small portion of a j>ossible circuit, let a loop 
forming a closed circuit be considered, and let it be linked with a 
certain flux d>/. The classical e^Hriiiients of Faraday then showed 
that if the flux linked with the loop be varied, an E.M.F. is induced 
in the closed circuit, and that its* magnitude is proportional to the 
time-rate of change of the lines of the flux linked with the loop, 
^n the practical unit of th * C,.(i.S. electromagnetic system 
</<!>,• 

6 X iq; § volts f . (10) 


the negative sign indicating that if the linked flux increases the 
E.M.F. induced thereby is a back E.M.F. so directed that if a current 
flowed in its direct ion, it would always by its magnetic effect oppose 
the increase of the linked flux. This leads to the nile that if an 
observer is looking along the lines of flux in their positive direction 
as they pass through the circuit, and the number linked with it 
increases, the direction of the E.M.F. round the circuit is counter- 
clockwise. 1 * * * The relation between thecireular direction of the E.M.F. 
round the circuit as viewed from tin* side which the lines cn*er, and 
increase or decrease of their number is therefore exactly the opposite 
of that between the rotation and the forward or luackward movement 
of a right-handed screw. 

If the circuit has several loops or turns T c in series, and each of 
these T c loops were inteilinked with the same flux, the time-rate 
of change of the flux will induce the same E.M.F. in each loop, and 
the 'iotal E.M.F. may In' written indifferently either as - T ( dtyjdt 
or as ~d(T ( .<t> t )/dt. Hut in general the same flux will not thread 
through all the loops, and in such a cast for the circuit as a whole 


r 

i 


A <i>, 

JA ... 

dt 


beiilg the linked flux in* relation to each loop separately, and 
any fraction of a loop being taken into account, while T c need 
not*be a constant . • * * 

If the^equation be written c^-dNjdt X 10“ 8 , where # r is the 
total number of linkages of Hnes with the circuit (any line which 


1 A circuit being now in view, the negative sign is inserted and bears a 

definite meaning, whereas it would J>e inappropriate in equation (6), which 

deals solely with line-cutting by an isolated conductor which only potentially 

forms part oi a circuit, * , * * * 
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parses through n turns and so is linked w fim?# with^tHe circuit being 
reckoned as giving n linkages), the E.M.F. is guide to be propot tionul 
to the t illiterate of change of the number linkages. But when 
t the law is so expressed and N, \\hich is virtually a<*^nipoMtc sVmbol 

• r c* n 

(or the number of linkages ™ £ <l> Jt is employed (as in almost all 

• \ i 1 • * • * 

cases it nu^' be), it must be Wne in* mind tlmt it is essential under 
the present law that in anv hn^ in which an E.\f.F. is induced then* 
must be a time-variation of *lt may in exceptional cases be 
|>ossible for the number of linkages to be varied by alteration of the 
number of loops in fhe circuit without “alteration in the values of 
dh in those which at anv instant an present, and therefore without 
any induced E.M.F . 1 ‘ t ‘ * 

To tlit^ mm ond law of electromagnet ic induct ion based on the 
time-rate of change of the flux threading through a mriyt, theie 
is again no exception . 2 • 

$ 11. The line-linkage law. not limited 4o c&ses^when mechanical 
motion is absent- The above law of # electromagnet it induction is 
evidently especially appropriate to the case of the static transformer 
in which mechanical. motion is absent. ln<W* tins second law 
electrical energy supplied to a primal y conducting ciicuit can^be 
transmitted thiough space to a secondary conducting circuit, where 
it still appears as electrical energy. lint though the lates of supply 

• • 

1 As in the experiment devised to test the question and tried by A. Mondcl, 
Camples Men tins, vol. #59. pp. <>7 b79, attracted in HUdruuin, 11th June, 
1915. Vol. 75. p. 344. • 

* The ingenious e\|H*riinent due to t’.irl Hering (I runs. Amrr l li /•. , 
vol. 27, part II, p. 1341. and Electrician . vol. 75, j>. 559, Kith July, 1915, 
with su Sequent correspondence) only contradicts the shortened form of 
words in whic£ the law is often expressed and not its true meaning ; it 
admits of jf simple explanation uj>on which no K.M F. should Ik* expected 
from it. As soon as the spring dip in the original fritm of the exjxritnent 
touches the magnet and opens, there are no longer two definite circuits, 
one electric and the other iflagnottc, simply iith-rlinked, and the law in 
it* simple form does *not directly apply, fhe real connection across the 
blades of the clip is the whole of^he nia£uPt tion- -not <hc skin of the 
up] nr part of the magnet .Shy im^re than the skin of the lower part, nor an 
imaginary stourtestJine between the contact surfaces of the springs winch 
would in truth mmc the linked flux progte^itely decrease. The section of 
the magnet then forms to all intents and puqsises a second closecl electric 
loop embracing a certain amount of flux* By the operation of drawing down 
^ the spring clips, this^w^ond lt>op ijf^orciblv thrust against and finally int^the 
first loop ofctho clips, electridhl continuity being maintained. The circuit 
therefore^ the commencement of thf drawing-off process is not v* simple 
one which embracecb the. flux originally, but a composite one, consisting of a 
smaller loop inside andl&xhing the larger loop, and the flux which is supposed 
to be linked with the latter is really contained witlftn a convolution temporarily 
in contact with*the largg U>op. All that is proved is that with two closed 
electric loops, the one insiA? the other, afld the inner embracing flux, tty; inner 
witlrits flux can£e withcfc^Vn^hrough an openingrin the outer without the 
• latter being necessarily opened electrically. 



66 


CHAPTER V 


of electrical energy to the primary on the one hand, and of its 
development in the secondary on the other hand are equal (under 
ideal conditions and apart from certain secondary effects), the 
transmission is usually accompanied by a transformation of the 
voltage, so that the voltage arid current forming the factors in 
the two rates are different in the primary and secondar; system 
respectively. * 

But in order that, there may be any conversion of mechanical 
into electrical energy, there miM be 'actual mechanical motiomof 
one portion of the total system relatively to another jwution, as 
called for by the definition of thenlynatno (Chapter I, § 1), and tin* 
application of the line-linkage law ir> in no way limited to cases in 
which mechanical motion is absent. This is .\hown by Faraday's 
otiginal experiment, in which tin* increase or decrease of the linked 
flux was produced K y the insertion of a magnet into, or its with- 
drawal bom, a helix of wire. The change of linked tlux which the 
law presupposes need not be due to alteration of exciting current- 
strength, but alternativefy may be due to mechanical movement. 
In the latter case, tin* direct it-.i of the E.M.F. is such ‘hat if a current 
flows under it, the magnetic pull tha} would arise between con- 
ductor and magtuTi, or between tin* two portions of the magnetic 
syslem that are moved relatively to one another, will always oppose 
the movement. 


§ 12. The two causes (A) and (B) of induced E.M.F. Now though 
each of the above two laws may be true and may hold over a wide 
field or even universally, it does not necessarily follow that either 
must be the best or only expression for the true physical cause of 
an induced K.M.F. When the analysis ri pushed far enough, the 
physfeist finds that there is still much to be learnt as to th.e ultimate 
causes. Hence even at the cost of introducing greater complexity 
and with it jnnhaps a Joss of lucidity, something more must be 
added from the stand point of the engineer in regard to the 
confessedly obscure problem v of the causes of induced E.M.F. 

Making use of modern views hi eVctrimiagnetism, the writer 
believes that two closely rjdatfd but distinct causk s can be formu- 
lated by eithdl of which or g l>^ both simultaneously an E.M.F. is 
induced. They are as follows— % 

('A). Motion of a material hotly through ifia&nctized ether, in 
such wise that the direction of movement is at right angles, or has 
a component at right tingles, to the diicction*of {he magnetization. 
This yields what has been called motional" electric intensity 

t 

1 Sdt* S. J. Harnett, " Report on Infect romagne*?c Induction/’ Trans. Amtr. 
vol. 38, part It, p 1495, and W. F. C, «Sw " Unfpolar InductioIl/ , 
Physical Review, 2nd scries, vol. 15. p. 365. 



67 


THE PROpVCTWN OF A&EM.F. \ 

at a point in the moving body, and a ttctifnal £.Af3\ along any. 
line of action in it. 1 * •* 

(B). The .propagation of a wave of elect rk? force from eacli arid 
every spot # at which the flux-density B in tl\e ether is changing in 
•time.# Wien such a wave, prAcfcding with the* ifclocitv of light 
from anv and all spots at which there it disturbance of the ether's 
<iiagnetic%ate, meets the whole portion of electric circuit, 
it is the &M.F. inducted therein. The cause is here the rate of 
change dB/dt in the ether, and t<i the K.M.F. yielded by it the term 
induced is sometimes confined. 2 # 

The first cause (A) presuppose^ motion of fhe mojeria.1 body in 
which the E.M.F. is’induced ; the seedhd or (B) process does not 
necessarily imply any motion of a material body, although often 
the magnetic disturbance of the ether may be due tp sfleh inotioi* 
The firs* is typically the cast* of the hetenpolar or homopolar 
machine, each with revolving smooth awnatuie and stationary 
field-magnet. The second finds its most striking example* in the 
static transformer in which there is no motion of any material body. 

If the two causes have been correctly different laMl and formu- 
lated, it is evident that the absence of any disturbance of the mag- 
netic state of the ether or effange of the spac ial JJUix -density in time 
in the former rase with a stationary field-magnet jfrevents it fijun 
being brought under cause (B), and the absence of mechanical 
motion in the transformer ease prevents it from being brought 
under «»uise (A). It n*ay, however, be 1hat1>y some widening or 
modification of the statements the K.M.F. of the one class may 
successfully be explained as being due to the same cause* as that 
which acts in the other cla^s. In this direction the attempt has 
mostly been made to bring the static trumdoimcr under a widened 
line-cutting law by the ascription of movement to the lines of flux 
in it. The tjvo causes (A^ and (B) must, t hi icfoie, each in turn be 
further ccSisiderod, in <pder to bring out theij distinctive differ - 
ences, and as a result t < » show' that it questionable whether any 
true explanation of theph\*ucsof the static transformer and toothed 
armature can be obfained on tly' Mipj^Jinn of^moving lines of flux. 

• • • 

(A) Mttrios pv a Material BopY Through Magnetized 
Ether * • • 

§ 13. The “ o! flections. ~Tfi e properties of 4ie magnetic 

•field cannq/L attach to the*impty«space of geometry, so that ^en 
though Ordinary ponderable matter may be absent, they # may for 
our present purpose Jbe assigned to an all-pci vading ether. The 

1 No origin b^r which to judge of the relative movement of body and ether 
is stated or is needed, fdb ji reason whjch, it is hoped, will be made clearer 

in |#15. ; • • 

, • Cp. S. J. Bafaett, lot *t , f. 1152. 
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progress of physical s<?ienpe may necessitate a radical modification 
or even abandonment of former theories as to the nature of 
the ether, but such possibilities of the future need not affect the 
elementary use of thq'conception that is alone required here. 

When a material body is mqvld mechanically through *a sta-' 
t ionary magnetic field in* such a way as to cut across the lines 
marking tlio direction of the ,flux in the magnetized tther (cj>. 
Fig. 30), there seems no doubt that >he reason for tluvinducing of 
the E.M.F. is to be explained as follows : by such movement ,the 
electrons of the ponderable matter ar * definitely carried across the 
magnetized state of the ether, ^ind whenever this is the case, a 
regular ‘'drift " is given to them 1 along the length of the body, 
negative electrons moving towards one end and making it negatively 
' ' ^ charged, while a corresponding jnrsitive 

„ \N; , c harge appears at the other end. The 

only difference between an insulator 
and a conductor is that in the former 
the degree of freedom with which the 
electrons can move is much restricted, 
if the hotly is a conductor and its 
circuit is Hosed, as e.g. in Fig. 22, the 
flow of electrons becomes continuous so 
long as the motion lasts, forming a 
current of electricity. 

$ 14. Rotation of a homopoiai magnet 
of Class I, i, giving a steady magnetic 
field which is uniiorm in the direction 
of movement. -Before' proceeding to 
the ordinary honiopolar machine of 
( lass I, i, let us consider the case of a 
|>er!uanent magnet, the shape of which is a solid of rotation, 
arranged as in ] ; ig. 34 with a conducting t loop connecting the axis 
of the magnet with its central neutral zone by contacts permitting 
the loop or the magnet? to be rotated. ’When the loop is rotated, 
its electrons are moved though magnetized ether, and an E.M.F, is 
induced as shown by a Current t trough the galvanometer, the case 
being similar to that mentioned in § 13. But no^when'dli* loop is 
stationary, acd the bar magnet of circular section is rotated, an 
E.M.F. is induced and current Slows, although the loop is at rest in 
a npagnet icefield which at each flpinf is 9 cbnstaut» in its magnitude, 
direction, and sense. The state of magnetization of t£ie ether 
cannot fie said eithei; tb revolve or tc stan^ still, rest or motion 
as applied to such magnetization being meaningless. 1 Yet the 

1 As explained by Prof, G. W. O. Howe, ** Sqpic Problems of Electro- 
magnetic Induction," Electr . , Nov. 5* 1915, vol. 7f. p. 169. 

* <%. Steinmet*, Tr<ins. Amer. J.E.E., vol* ^7, part JI. p. 1353,** and 
H. Poincar^? EcJairage Electr., vol. 23, p. 4lT * 
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steel is being moved through magnetized ether and there is an. 
E.M.F. induced. The explanation is that tfyp electrons of the steel 
magnet are being forcibly moved through th<£ region of magnetized 
ether whicfi exists within the magnet itsc^Tf ; they sej^aratj.*, and 
•so fab as tlu* flux passes through the p$lar sides of the 

magnet and not from the ends, those of^me sign move to each end 
«>f the magnet, leaving the centre *rg>posk el y changed . im If then the 
centre of o^p end of the magnet is cbnK<*ctrd*to the surface at the 
centre of its length by a stationary external wire, a continuous 
current will flow. • 0 

A feature special to the above # case is that "the rotating magnet 
itself forms part of flie electric circuit, and the torque arises from 
the mutual force be* ween the two portions of the electric circuit 
whit'll move relatively to one another. * * 

Passing to the ordinary homopolar type of ( lass 1, i as shown in 
Fig. 8, let the armature be stationary, and M tin* magnet brjotatcd. 
Tin* presumption* then is that as in the preceding case, the carriage 
of the electrons of the magnet through the ether in its magnetized 
state will cause minute currents to flow in the iron ;?s the magnet 
is brought up to speed, and these currents will cause a rc-distribution 
(tt electric charges, so.that tfh* whole poU-fa«v ^ 1 >* >t 1 i sides of tin* 
air-gap becomes, sav, positively charged, and th< f centie of Jhe 
magnetic < irniit oppositely charged. The static (barges on the 
pole-faces then induce an opposite charge oil the stationary cylin- 
drical avmatyrc. Tin* action of the machine, so far as the production 
of a difference of potential between the ends of the armature is 
concerntri. is thus reversible, but yi this and similar cases when the 
magnet rotates, no # use canlre made of the <tat it srpai at ion of charges. 
When the potential difference >et up thereby is equal and opposite 
to the inducing E.M.F. , the action (vases. It is only when the 
circuit is elo^d as in Fig. & that a continuous < uncut flows, bul now 
the external circuit beipg taken through the njagnet must reflate 
with its brushes B and A, so that again tin re is i dative movement 
between the two nortioifc of the elccti icVirmit , and the torque 
eventually falls on the iron magnet. # J # 

§ 15. Movement or otherwise of the ether* itself immaterial.- 
In the cas<*of a Jpmopnlar field perfect lyMiniform in the patli of the 
movement and perfectly constant, rest or motion eannot be pre- 
dicated of the of the field. •The question of vdiether they 
i move with the rnapnet fthen^hi^ rotates or remain stationary is 
only askedf owing to the convention bv which tin? magnetic field 

1 The writer again 4^1 *ws the above-quoted ^rticlo by I’rof. Howe, v. 

* Although i)pl, so far as the writer is aware, indisputably proved nor 
indeed easily susceptible #f a clear experimental proof. Any testing lead, when 
carried through the rotating magnet to the far end of the armatunp, itself 
becomes the sea* of an induced E.M.F. # • 
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is pictorialiy represented* by discrete lines of induction; one is 
led thereby to argue ds if they could be labelled and identified, and 
Mould then be found to be either attached to the ironwares of the 
pole-pieces or to the armature, whereas the magnetic field is 
structureless, e , •* t 

But this granted, the question of whether the ether itself, in 
contrast to Ms magnet im], state. fakes or any rotation is at rest 
has not been disposed of, , It has bqen tac itly assumed above in 
§§ 12 and 13 that the ether is at .rest and rut through by the 
material particles of the conductor in the first case- or of the iron 
magnet in the second case. But now it will be noted that if the 
ether rotates with the rotating conductor and at the same speed, 
the pole-face will, as assumed in the second ’case, become charged 
und again induce an E.M.F, in the circuit of the dosed conductor ; 
if the ether rotates with t he rotating pole-pieces, the E.M.E<ibecomes 
induced in the conductor as assumed in the first rase and calls fof 
a similar charge on the pole-face, while for any intermediate speed 
of the ether, the E.M.F. in the conductor will be dm* partly to the 
first and par!ly*To the second cause. On all three suppositions, 
it may reasonably be assumed that the resulting E.M.F. would be 
identical. The consequence is that no experiment on the lines of 
Fig. 8 can afford any information as to the movement or otherwise 
of 'tin; ether. Without entering into the question of relativity and 
a deeper analysis of the physical and philosophical problems 
involved therein, the view taken hen' is jjmt the physic* of the 
ether for the reason stated above become for our purpose immaterial, 
and therefore under cause (A) no definite statement is made as to 
whether the ether in its magnetized state is stationary or moving. 
In either case there is in the dynamo movement of a material body 
through magnetized ether, because there is relative movement 
between two portions of the combined magnetic and electric system, 
ambin the end between two portions of the electric circuit', although 
the torque may by the mechanism of the ether be transferred from 
the latter to the iron. In any actual experiment, Fin the equation 
c :: BLV finally turns outdo be t lig relative velocity between two 
material parts, and t he induced pressure admeasured, being the sum 
(or difference) of an electromagnet ically and ar\ electrostatically 
induced pressure, is independent of the speed of the ether. In any 
explanations or calculations* oh an E.M.F. thai may be required, 
t heather cin therefore in all cases be assttmed^q he at rest. 

S 18. The line-cutting law as applied* to cause (A).— Qpisc (A) 
includes ‘‘(among others as will bh seen laterj aU eases ol smooth 
armatures rotating in a> heteropolar or homopolar field due to a 
stationary magnet system, and to all these cases the line-cutting 
law applies. Its immediate applicability to<tfie case of an armature 
rotating in, a stationaiy heteropolar field I$«evidenh It is equally 
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evident that it applies also to a smooth atmaturc •rotating in a 
hoinopolar field when this is due to a st at ionaty, field-magnet systeity 
and is not vihiform in density in the path of tjtt* motion, i.c. in cases 
# where the polar surface is broktjp up into definite. polar projections 
of the 'si me sign and the armaturejhf so <)'sired, can be truly ttouttd. 
The line-cutting law may also be extended to the smooth ar nut lire 
fotating inY stationary hoinopolar fipld-magnet fh which there are 
no polar injections and in* which the fluxVdensity is |>etfectly 
rowtant and uniform in the p$th*o^the movement. It i* tme that 
m this latter cast* it cannof be assorted tluvt tin flux, whether 
*in the shape of discnje lines or a*a structureless state, stands still 
in order to be cut by tin? rotating conductor. But the essential 
idea being motion at right angles to the direction <> 1 Hux^as causing 
an E.M.F. at right angles to both, there is but lit t K- objection to 
" line-cufting " upon the arbitrary convention that the lines of the 
stationary field-magnet are attached to it ‘and stand still •with it, 
provided that it is clearly borne in mind that tin* Hue eaus< f is the 
motion of the conductor through and ‘at iigltf ujigles to the 
magnetized etlwr. • 

(B) The Propagation of aV'ave of Kij.cthkjsKokc:]*: hy Reason 
of Change in the Magnetic Stai k of the Eihkr • 

§ 17, The line-cutting law under cause (B).-~ But it must not be 
supposed that the truth of the line-cutting law as a (juantitative 
expression ofcthr E.M.1*. is confined t«> cases under cause (A). We 
therefore pa>s to cases in which the <au>e of the E.M.F. is to be 
found umler (B),a*ia the first of these is the < ast* of the stationaiy 
smooth armature when a field-magnet which is either hetempolar 
or hoinopolar but of non-uniforni flux-density in tin* path of the 
motion, revolves about ifc Under (B) tin* tame of the E M E. is 
dBjdt t am^tlfis rate of change must be considered for each spt;t in 
relation to the ether permeating air and iron, and not in relation 
to any unit volume of irop in whic h, as it # nioves, B may perhaps 
rgnain constant. • » 

«§ 18. Movement of a steady *nagnetic*flold which i» non-uniform 
in the pat) of the moveWnf as% cause of E.M.F. in a stationary 
conductor. — Ret dining to the case of .«U0, let the pole-pieces now 
be of finite length sy that at the edges J lie strength of the magnetic 
field must tape* off, or, # to g^> still fuither, let the field become 
# reversed in directlcli owing to the presence of a second pai? of 
|>ole-pie4es of opposite |>olarity.» Let tln^ inducing ekmqpt be at 
rest, and let the pole*pi(*:cs be mechanically *moved. As the pole- 
pieces move, at their edges and* especially dt the centre ofian inter- 
polar gap the* ether iftidergoes a magnetic disturbance which pro- 
gress in spac^with t)c?motion. Thereby a, wave of elect rk? force 
• is propagated # with the velocity of light from each* centre of 
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disturbance opposite rh idterpolar gap up to the pole-centre, where 
the two waves reinforce one another and produce a maximum electric 
force in a direction at right angles to the magnetic fielcf-and parallel 
to the stationary element. When, therefore, the centre of the 
pole-pieces passes the stationary element, the lattef experiences 
the maximum induced K.M.F. which is primarily due to action 
elsewhere owing to the field Aot being uniform, but wqx*ring or 
reversing in the int*-rpo|;ir gap. When the armature' is smooth, 
the waves simply result in a distribution of electric force in the 
space between the poles and the armature and in the surrounding 
space, which i’s constant and movhig with the j>oles. The conductor, 
being stationary, is not cutting through magnetized ether, so that 
the source of the K.M.F: cannot be looked for under cause (A) by 
its definition- The magnetic state* of the ether in which it is 
immersed is, however, progressively changing, and this changing 
state of magnetization does in fact traverse* across the- conductor, 
so that the line-cutting e:oncept has meaning as applied to the case. 
Owing to the firld being’ non-uniform in the* path of the rotating 
field-magnet, the* vector defning it varies at each point of space 
as movement proceeds, but sitae* the field always remains similar 
to itse'lf or const aYil, the vector system although occupying different 
petitions in space, remains otherwise* unchanged, and may truly 
he* said to move at the* same speed as the* pole-pieces and to cut the* 
conductor transversely along its length. With this limitation then 
to a constant magnetic field which is nnrTuniform i.. the* path of 
the movement, it heroines legitimate to say that the ^magnetic 
field moves with the poles, although the magnetic state* at each 
point including the* position occupied by the conductor is more truly 
conceived as alternately dying away and growing again. 

It must now be laiel down that in such a case of a moving non- 
uniform Held which retains under movement its conilgvration and 
the lengths of path of its flux-lines (when so represented), if any 
loop is formed to embrace a part of the flux, the total effect of the 
wave of electric force frem the changing magnetic state of the 
ether, as it meets tire two sVids of thV stationary loop wherever these 
are situated, is precisely equal fb the algebraic difference in the 
rates at which the two sidcspfdhe loop are cut by toe lines expressing 
the density of the fields in \vhich at the moment they are actually 
situated. That this equality must c hold and that* the line-cutting 
quantitative law in the above forhi remains true? although the E.M.F. 
is due to cause (B), is supported** by consideration of the 'ase of a 
horseshoe magnet with a conductor in its aii gap, when the whole, 
including the conductor, is moved bodily tnrough space. 'Hie 
circuit of the conductor can be completed a* a loop, of which the 
sccorftl side can be arranged so as to tjc virtually outside the Afield 
in unmagnetized air. There is no net E.M.F. induced in the loop, 
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yet the change of the flux -density in the dtlnfc through which *t ho 
magnet is moved especially at the edges of the air-gap will from 
cause (B) yiicltt a wave of electric force and an I^-XlF. in the conduc- 
tor in the air-gap. The presumption then i* thajt it is ex.wllv 
balanced by tin* E.M.F. from cauMi (A), jlue to the fact that the 
conductor t* being forcibly moved through ether Uut is magnetized*, 
at* the spot where it is situated, ff? therefore, 1 1ft- conductor u - 
mains stationary and there is J no such baiumyig effect, tliere is 
left an E.M.F. expressible as a rate of cutting flux lines, although 
it i^ now the varying magnefiz«*d state of the.etlni that is rut 
through and not the c^her itself. • # 

To distinguish the pjesent case the E.M.F. due to it will be 
terme <1 " quasi-mot ional." • 

§ 19. The connection between the M rotational* E&.F.’s ” 
above considered and the mechanical force on the conductor. In 

all the cases above considered the K.M.F.\ Vhetln i purely*" mo- 
tional" under cause (A), <»i “ ejuasi-md i«*nal " and indu< ed ifndei 
cause (B) as having their physical origin inVB/dt iiwtlir etlni.may 
b»* grouped togeUnr as "rotational EgM F.'s.” and to them the 
line-cutting law applies. # 

It will now also be noticed that throughout tlu^fllpvr rises the 
rotational E.M.F. for a given spevel ol mechanical movement m 
a simple linear function of the flux-density m \vhi< li the conductor 
is aetuallv situated at each moment. So ah»*is the mechanical 
force on flie c^ndm tor f»*r a given curmit. The one is then foie 
promotional to the other, and it is by reason ot ibis fact that the 
rate of absorption pr elevejf >pinrnt« of mechanical energy in the 
C"thinit<>r as a dynamo or motor can be equated to tin- late of 
development <>i absorption of electrical energy in it, so far as tier 
rotat i‘»nal E.M.F. enters as* a factor. 1 Tin establishment of this 
fundamental a kition as required by the* j»i maple of t lie < ..user vatlpn 
of energy is as follows. 0 • 

Whe n the conrluc'tor of Fip. 3b is me< hanjj ally moved towaiels 
tliejeft with velocity v cm. j* r sea, aye.1 the E.M.F. indue eel 
in it is e - B a Lv X 10‘ s volts, •let i }>c # t!ye currenl *n am]>e*res 
flowing through it underpins* E.M.F. when its eir<mt is dosed 
as in Fig. *tl. TUI rate e>f developi**»f # of electrical energy in 
the circuit is then ei B § Lvi x 10 H watts. But thf conductor 
is acted e»n by a fc»r<“»* F - ~ B 9 ty X ft) * dynes tending 4<> pull it 
towards the light ; Mliis forte is overcome through a distance- % 
in unit timj\ so that mechanical e nergy has t o 1 m * expended in ipoving 
the conductor as a tlyivunu at the rate* of 7u*< rgs per second 
B^Lvi x 1CE 1 ergs per i$c<md - B/I-vi x 10 s Watts, which isiekutical 
with e expression for ttoe rate of development of electrical energy. 

1 Tlie bearing of (he latteap fov^o will appear when the case of t^c tex>thcd 
armature is considered. 

4-fjotj) 



74 


CHAPTER ! 


Or again in the #iore general case of Fig. 29 the E.M.F. 
induced by movement of the conductor in the direction Om ' is 
B 9 LV sin a . sin ft , sin y X 10‘ M ), directed from I) to A. If thU 
produces a current of i amperes round the circuit when, closed, the 
conductor is acted on by a magnetic pull, F BJJ sin a X 10' 1 in 
the direction OM- (Fig. 21). But it is only the component of F 
along the line Om' which resists the movement, and this is equal 
to F sin /? . sin y. ‘The product of 'the resistance ovei jorne and the 
veloc it v V is therefore B g LVi sin >5t . sin ft . sin y X 10 1 erg* per 
second HJA r i ^ui a .sin (i .sin f x 10~ H watts, which is again 
identical with the rate of development of electrical energy. 

§ 20. Can the line-cutting concept be extended to other cases 
t under cause (B)P It ha-. been shown that the (piantitative line- 
cutting law affords a connecting link between cause (A) and the 
qua>i-inot ioeal ce - u-> in whieh the cause of the E.M.F. falls under 
(B), ;lnd this fact, evVn if it stood alone, bears witness to some 
real and close connection that exists between the two causes that 
have been differentiated as (A) and (B), and to the undoubted 
probability that at bottom they must be traceable to some one 
more geneial cause. It has therefore next to he examined whether 
the line-cut ting iaw can also he extended t<t other eases which have 
0) far het'ii placed infeieiitiallv under cause (B) in especial to the 
sti iking case of the stat ic transformer, and to the toothed armature. 

§ 21. The line-nitting hypothesis as applied to the static 
transformer. To explain the cases of An inducedi E.M.F. when 
mechanical motion is absent on the “line-cutting” hypothesis, 
it remains to assign movement* in space to the. field as mapped nut 
by lines of llux, such movement arising from variation of the 
exciting cm rent round an electromagnet or ring core to which the 
field is due or to variation of the curre.it in the circuit itself which 
is uwler consideration. The theory based thereon is then as follows. 

When a current starts to flow in a conductor, the magnetic field 
surrounding it has to come into existence, and the growth of this 
field is assumed to take place by a process, of closed line-curves 
or flux-rings (such as t ? h<*e*of Figs. 2, T or 4), expanding outwards 
from a point in the central axisbf tile conductor or from the centre 
of a uniformly-wound toned, like the circular nipples caused by 
the dropping of a stone injo still water, and cutting the conducting 
circuit asrthey expand. As t\\c ripg-lings first hermed expand, new 
tint's start and take their place and themselves in .turn expaiut 
out wards. Whenever. the exciting current increases ii*> strength, 
the newer flux-rings drive further out warden n<i closer together the 
initial flux-rings, so that the field* becomes denser, i.c. increases in 
strength. When the exciting current is decreased, all of tho* flux- 
rin$> contract inwards, and some disappear by absorption Wit the 
centre ; 'they can never be broken or opened, tut disappear by 
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collapsing to a point. The magnetic lines ^re thus* regarded as 
behaving in fact like elastic rings stretched! outwards by some 
internal pressure, and when the current dimiMshcs, being unsup- 
i»orted, as it were, to the same extent by the«falliijn cuiient, >h«*y 
enllap** inwards. ,, 

Hie explanation of the imluced J- M e. tlm* appt ai > complete 
ami c(i/isi<H\*t. The expansion urfit o infract ion *f the fhix-nugs 
on tie abo\^view may coiiv< nieiitly In’ applied to determine by 
the hand inJe the direction of an It M.E. in a ciicmt, «md especially 
of a M-lf-imlneed E.M.F. in a j»<*itioff **1 a cmuit, Vven when there 
is no exact knowledge as m the paths ol jhe bins and the parts of 
the circuit cut hy them. In such rases some assumption whicli 
appears the most natnial must be made. - Mmr than tins, given 
complete knowledge of ihe static magnet i< qualities «1 tlie circuit 
linked with tlit- electric < intent, the quod ( ,t mo^-meiit of the lines 
tan be predicted ami has mathematical tiutli. • 

i 22. The objections to the theory and the alternative view.- - 
Vet as a physical explanation of tin* real mechanism, a difficulty 
remains. The velocity with whit h tJn^flux nngs i mi-t spiing tail 
from tin* conductor and travel is not a fixed quantity dependent 
on the specific propeith-s of that medium m whudf'iliev stait, but 
vaiies with the quality of the whole of the niagm lit* « n< nit whi<di 
is tf> be filled with flux. The analogy from wa\i motion due to a 
stone dropped into still wat ei is tin i ehc *■ illusoi Fi oin the kinet it 
em igy pt^ses^d by the stniu* when it meets the water, the velor tty 
of tin initial propagation of the watei waves is definitely deter- 
minuble hf hydromyflianic.J them\» without any piim knowledge 
of what they may subsequently meet with as they progress fioin 
point t<» point. And so also in the case of si,und wa\« s pi o< reding 
fioin some source, blit wlmji may in tlieir pi ogress pass fiom one 
medium to ^m»thr r. Whereas the rate at whi<h lines of flux •ate 
shed off by a growing current and pass thtough at iut « -r v< ning air- 
gap, say, to an iron core, will be different from the late if t 1 m* non- 
core be iemoved. Then* is, in fact, no jmli pcudrid evidence in 
physics for the supposed moveim*it of tkediues, 1 *o that* it does not 
appear that their velocity Am he de,ermined apart fioin a knowledge 
of dB'dt ovef the «vA*a of the circuit. Jhis t is viitually to know the 
induced E.M.F. so that if the view hen 1 put fniward i.? correct, no 
additional knowledge is brought to BeaY <>n the determination of 

tfle E.M.F. • 

The difftrence from the preceding quasi-jnotional rase § 18 
is that even when tin* configuration of the magnetic fo ld remains 
the same, as <r.g. circular lines r«#und a straight wire, their* length 
changes with their supposed movement, and it then appears to 

1 Appointed ou^ by Frit# crnife in an article on th»- '* Induction law," 
£ * M. t vol. 26, p. 997, ff , 15th Nov. 1908. . 
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be truer, physically, imagine the growth or decay of the magnetic 
state which is described as a flux, as taking place, so to speak, in 
situ in its original paths, li.g. in the case of a uniformly and closely 
wound toroid, it is not difficult and perliaps even simpler to regard 
the denseness of the magnetic Mate as growing or dying *.way in 
each infinitesimal circular ring within the roils without concentrating 
attention on a f>arti< tilal valor of B as moving mwa^ls and om- 
wards with < oiu <|t Tent alteration of the length of pa'h over which 
it holds. The closely allied nutvucsof the phenomena is, however, 
borne witness to, if the stator winding of a polyphase induction 
motor or the armatuie reaction of a polyphase alternator be con- 
sidered ; by the addition of two or more phases, an effect for which 
the explanation in the c*ase of a single phase must he sought under 
the ptesent -section can be made to pass into the quasi-mot ional 
category. 

Finally, then fore, in cases such as that of the static transformer 
when? the change of flux-density is dint solely to variation of the 
exciting cut rent, according to the view here maintained, tin' wave 
of electric force summing up the whole effect of ULj/At over the area 
within the primary coils meets primary and secondary, and is the 
E.M.F. induced' (herein. Its value tullows the change of B prac- 
tically instantaneously, since, the velocity of propagation of the 
wave is that of light. Mechanical motion being absent, it will be 
tailed a 41 liatisfoi u)er E.M.F. of the first kind." 

§ 23, The toothed armature. The extension of t.Ue line-cutting 
law to explain the whole of the E.M.F. of the toothed armature 
rotating within a stationary ft* ld-mag^et system by ascription of 
movement to the lines of tlux is made in much the same way as 
in the static transformer above considered. 

For a given flux the E.M.F. of the rotating toothed armature (when 
minor pulsations are neglected) is the same as thnt yf a similar 
smooth anuutun*. The virtual equivalence of the two would best 
appear in the case of an armature having a single conductor em- 
bedded in a closed slot or tunnel close to the periphery and rotating in 
a honiopolar held .uniform ra the path of the motion. There w^uld 
then be no minor pulsations to confute the issue. But as explained 
in Chapter IV § 7, the. densities within the closed slot or tunnel 
and hi the non beyond it would be as B a : B t , where B t is only a 
very sural 1 fraction of B t , say / 1 , l M ,,gud but little larger in proportion 
ih B g in the air-gap. If, then fore, tjie conductor sifuated in the 
weak fteld of density B A is to yiejfi the same E.M.F. and for the same 
reason as the conductor on the surface ofrfhe equivalent smooth 
armature, nothing is easier than do assume that the lines of flux 
snap across the tunnel against the direction of rotation, yielding 
an increased relative velocity V § which £i> far exceeds that c&f the 
rotating hr mature that ifs product wHth 6 $ is equal to the product 
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of B t with the peripheral velocity V of the armature* or V, B t ~ 
V.B, ami V.-V% 

• 

As quantitatively true over a Jkx>th-cycle in any fraction M a 
£*>th-e*le, no exception can be tJcen t^> the above supposition 
of an incrosed relative velocity of the lines, b\U to its truth as a 
physical explanation there remains 3 fat if! object Km. *Tlie exact 
c»»nespoi;Jei«* between the lates of development or abruption of 
elecUical anti mechanical energv* in- dynamo or motor is tin- founda- 
tion stone of dynamo-electric theory. In the ease of the toothed 
or tunnel armature e.\j>erirnent h;* conqJuMVely shown that the 
force on the conductor only that corresj ending to the weak field 
in which it i> situated. By no ]>ossibility then can the conductor 
absorb < >r develop in dynamo or motor nu*< hanical eiicpgy at a rate 
great*-! thtfu that corresponding to tin* product *»f the mechanical 
forn* acting on it and its own mechanical y«Tk ity, Vet thK does 
n«»t account for the whole of the electrical nt nu < hank al pflwer. 
Hie current as one of the factors of the elect! i< aUenngv cannot 
he divided, and ij the whole of the indaci-d K.M.I’. were the same 
in kind, due to the cutting of Julies at an increased speed, the whole 
of the mechanical force* or torque must fall mi tl.f-*« mmIu* l<u . It 
i cmains t lien to ivc. .gnize that the E.M.F. is divisible int<> l w< » part* 
and that tin* division comqxaids to tin* two different causes to 
whnh tin y are iesp< • lively due, as now to be s!*»\vii. 

In the ffom<»^olar field ftf umfoim density, whatever the position 
of the < oinhn t a in’thr slot or tunnel, it is always situated in a weak 
field of definite denary. Iiythe hr* ropolar field, tin* field in the 
slots at any moment consists of isolated poilioiis, as many as there 
are slots, but, whether there he one or many l»*fs and whatever 
tin- position of the conduct vr in tin* slot, the conductor is always 
situated in same density at the same spot relatival}' to fin* 
stationary poles. The deceit y in which it is inmmsul is then fore 
a continuous (miction of tin* space moved ^hrough and forms a 
ste.qly continuous held, constant in time. In either case, therefore, 
tin* •onductnr is in fa< t being drftvn fondly through Hher whi< h 
is weakly magnetized citing to a uniform or to a q>aeialiy varying 
» degree. It has tUVvfoie set up in it* by came (A) an K.M.I', 
which is subject to tin* line-cutting law j this is a pnfe " K.M.F. 
of rotation," and#is in strict correspondence to the n»*chani<al 
f'frce on the conduct**?. * • e 

But in Addition at eaeh edge of j he movyig slot or tunrv-1 the 
ether is undergoing a marked magnetic disturbance from a strong 
to a weak magnetization or vice versa. Therefrom a w*ave of <*!<*ctric 
force s continuously propagated to tl^ centre of the slot and meets 
the conductor, causing in* it an additional E.M.F. which rnay*be 
called a " transformer E.M.F. of the second kind," as being due to 
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relative motion between parts of the magnetic system. Exactly 
in so far as there is such a transformer E.M.F., for a given current 
in the conductor t,he mechanical force falls solely on the iron 
portions of t|»ti structure. 

A transformer K.M.F # which is not subject to the line-cutting 
law is therefore the accompaniment of the magnetic jC lidding of 
the conductor. * If we start With a smooth armature Old gradually 
embed the conductor within the irdn, the K.M.F. gradvally changes 
from a pure rotation K.M.F. to* a ♦composite of which the rotation 
part becomes less, and less in proportion to the transformer part, 
and ends by being eom/uratb’ely unimportant. 

In the stationaiy toot lied armature with rotating field-magnet 
the who(e of the K.M.F. falls under cause (13), but is again divisible 
into the same two portions. So far as the magnetic disturbance 
is that due to tin* movement of the field as a whole without change 
in its"configuration of in the lengths of its flux-lines, the K.M.F. 
is qitasMMotiounl or a “rotation K.M.F.” identical in nature with 
that described-tin § 18? and of tin* same value as in the rotating 
toothed armature, but fchis disturbance does .not exhaust the 
whole rate of change ilB/dt in the e^her ; at the edge of the slots 
there is agapi^fi' rapid change in its magnetization, yielding the 
*Unie transformer K.M.F. as above described. 

§ 24. The limitations of the line-cutting law. -The line-cutting 
concept is thus directly applicable to all cases under cause (A), 
but if the rotating member be toothed anti the embiyldcdVonductor 
be thereby magnetically shielded, as a physical explanation of the* 
cause of the K.M.F. it is onlyMrue o^ one portion of the K.M.F. ; 
further, it, is applicable to eases under cause (B) in which there is 
change of magnetic state and a wave of electric force from a rotating 
field-magnet, but again if the stationary conductor be shielded, 
it, is only physically tine as a cause of K.M.F. in so«fai; as the weak 
magnetization in the slot or tunnel changes and is virtually cut 
by the conductor. Although the line-cutting law is quantitatively 
true in all the above e;^es, yet the extension of line-cutting £is a 
cause to tl>e whole of,thl k K.M.F. *1)1 the toothed armature involves 
a somewhat artificial explanation an!U ol&cures a physical difference 
which is of vital importance to the dyiiamo'vlesigner, while its 
extension t?> the remaining cases under (B) # in which there is no 
mechanical motion may again be^natlipmaticall^' true, but has no 
independent physical evidence to support it? “ , 11 

$ 2$. The line-linkage law a* the more general comftpt— Line- 
cutting hardly, therefore, affords a satisfactory bridge from a 
physicM point of vietv between the extreme cases of (A) and (B), 

\ e. between a smooth armature rotating %n a uniform honvipolar 
lielft and a static transformer. It ma>s jiowever, still be possible 
to bring both types of K.M.F. , thougfi due to different causes, under 
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a more generalized concept, and this is in fait found in the line* 
linkage law based on the rate of change of t Inclines finked with the 
electric rirciijt. Although not free from certain difficulties to be 
mentions! later, the law holds over the whole lau^e of practical 
cases, i it tlie sense that with or with out mechanical m<»ti»»n, the total 
K M F. indeed, whether due to (A) or (B;, can* be quantitatively 
. {prosed tlntiugh the time-rate of Jlfange'nf the litic-liulvagi s. 

5 26. The^Kiuivalence of ih« two law* in the case of smooth 
armatures in a heteropolar or aon-yiilorm homopolar field. Tlu* 
immediate equivalence of t he { wo concepts in tin* cas<* <>f all d\na- 
mos witli smooth aryiatuies in a hetgopol.tr »>r non-uniform 
lionu>|volaj field, is at oiyv evident, and it is a mattei of i onvenieiice 
"iilv which concept is t hosen. It has be*n already pointed out 
that the application of any hum of E.M.R mdicatoi»to the ends 
<4 the indficing element virtually amounts to tfce foimati<»ti ot a 
< 1< »s< d electric circuit, even though it may* be an ripeihft one 
w li i< It only petmits nf a displat eiiu nt euiieiit. It will then br ft. mid 
that wherever the indicating instrument aftd its l.«id> aie plated, 
if the rate of lint -suiting is dtyjdt in anv ua^e enming und< i the above 
le ading, the flux thnading through tin* rinsed < m nil is varying 
at a rate d<t> x \U which i* piecis. lv equal t«> </<I> \it, ’fTtJiat tin* Mine 
iuduc.<l E.M.R is given by either law. That is to say, wh«-n tilt 
lines linked with the circuit an* being altered in numbei owing It* 
the met hanical movement «*f the circuit and fchc latter is in no 
wav magnetic; 41y shielded, some portion of it must have been cut 
bv the lines th’v passed into or out ot its embrace, and this 
portion is xtu : elerneni or system of eUsnicnls whit li has been assumed 
tt» be active. Or if it be the field -magnet which is moved while 
tin* conducting < in nit is kept fix«*»l, tie- magnetized state which is 
described as the flux-density is, say, growing up on one side of an 
inducing single* element and dving away on its other side. Tty* 
two concepts then heroin, ‘•indistinguishable, since *u<h growth and 
<h*cav on the two sides is essentially the sa^ne as the passage of 
flu\a* ross tin- induciyg element. But it *ouM be noticed that in 
thiswise when the magnet is ttor rotating jncuiber, there is no 
change in the configurationbr lefigths of the lines, so that the identity 
of the two concept As confined to the motional and quasi-motional 
cast's, if the idea of t^ie inert *ased relative velocity of The lines in 
a toothed armatur# is aban^onet^as not physically true. • 

| 27. Th«^ line- Link age law afc applied to homopolar dynamos with 
smooth armature rotating in a field rwifotm in the path of movemenV — 4 he 

equivalence of the two ton^pts in the rase of a srw*>t>i armature rotatm# m 
a hnniopolsr field which ia perfectly constant and uniform in the pati^ <»f the 
movement is more difficult of establishment, but may still be maintained. 
The d&iculty lies m the interpretation of the fundamental idea underlying 
the phguse " enclosure ” of fH&x by the ciftunt in these canes. To ;»Asi*4 in 
analysing the problem, take a tlngl# radial conductor, extending frqpi a shaft 
to a slip-ring, which on the line-cutting hypothesis cuts the lines of a uniform 
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fluid running parallel tna'thr shaft. I,et an external circuit R lying in a ver- 
tical plane be applied by means of brushes BB', as shown in Fig. 35<i. Then 
it will be recognized that, the electric circuit being in one portion of its length 
split, there are two lo »ps to lx* considered: in the one, DAFB'RB, the 
endowed or linked flux's diminishing and Incomes zero when A I) passes RB, 
after which it .again increases; in t he other, UAF.’li'RB, the hnked flux is 
increasing to a maximum when AD passes Rli. The rat*- of change in eael 
is the same,, and the Cyrlic dire* tion of the K M.F. in each is sy^ii (as shown 
in F»g. 35 a) that it «s directed radially out wards along DA and radially inwards 
from B* to fi through /’. As coon as A l) passes RB, the first tyjy becomes the 
second loop, and vice iers>t, and the flux in ear h is equal when AD completes 



Ft ci. 35, a, b, c. 


the di;\mcter r with Rli. The two K.M.lVs are not additive along I)A, btA are 
complementary, the one to the othet, in Vhe sense that the radial conductor 
AI) could tie mentally divided ii^to two portions in part did, one for each loop. 

Hu.* now let the external Hicuit Ik* arranged to one side of the collector ring 
(Fig. 35b). Then wherever thy connecting lead BRR f is placed, the tendency 
is to regard the linked flux as that sho\yi increasing in lpg- 356, and to ignore 
the complementary truth which \yniWT appear if *Jve external circuit we? s 
removed to the other side as in Fig. 35c. fn the case of a hoitiopolar dynamo 
with uwiform field, a sing^ active cUmrnt and collector ring, a cyclic E.M.F. 
arises as much from what at first sight is outer ttyx ifc from the inner which 
appears, more evidently ^embraced within the circuit. Consider a pair of 
parallel conductors, joined by a conductor A D, and the whole sliding under 
a pair of brushes BB' attached to an external cirtuit, so tAat DA cutstlacross 
the lines of a uniform field (Fig. 3o<»). Then i^soon as the collector fcars are 
bent up into closed circles (Fig. 366), so aa to permit of continuous rotation, 
and the passage of the lines correspondingly becomes radially outwarcls. 
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the flux to the right of DA round to the radial plan# in whjdt BB * fall is as 
much enclosed in the second loop as the flux to thelerft of DA up to the same 
plane of BB\ If H lies, as it may, very close to the ring, so that B'BB also* 
encloses the raJual flux, the enveloping sheet represernmg the area of the one 
circuit must b*e earned from 1) clockwise to BB'. anil then fold hack ou^lsclf 
To H. so4hat the flux from H to BB’ay cels out, while correspondingly the 
sheet for the other circuit proceeds counter chf kwise from 1) to BB', and 
then must ^extended up BB' to 1\. „ * « 

*Tu the hoid*>polar dynamo witn singo* a*. U^e element, whether of the 
axial or of th * *adud t\q*e, let a second a*, tile vlcmcnV now In* added, say at 
the op|K>site side of the circle. Nothing in principle iS therehv altered, and 
cachtnay l»e credit* d with its own t'^o hVu.v t .irrird then to the limit when 
the entire cvlmdncal or the entire radial hue lias Ken Idled with active 
elements, we reach the homopolar dynamo with complete cylinder or disc, 
vvhn h is thus to U* regarded as made up <>T an mtfcuU* number of pairs oi loops, 
su. h a> have l teen de>criKd. Wherever and however thc.se arc placed and 
paired, so long as they conform to the required conditions, the same axial or 
radial K M l' , is inevitably reached over the whole fa*. < of the disc*or suit face • 
of the cylinder. 1 # 
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So far then the “ lqp* -linkage ” law cfinimt be said to fail. Vet in its 
apph. alum to homopol.ir ma< limes with held imifmin in tile path of the motion 
it loses much of its own initial simplu it y. and d**< s not .itioid .an h aconvim mg 
explanation of tin* natural phenomenon as that which is given by the line 
■ uttmg law. lurtlur the pr<*vm*o to wlm h I In- *. *>mrpt of d <lb'J/ naturally 
appln s is that of all cases in which it sums up ami expresses tin* mbgr.fted 
ejfn t of JD.dP over tin* area » f tne circuit, but m hmnopwlar machines of ten* 
present kind there is n < quality dli ill exist* id at anyTq>ot, whether Ji i* 
loM .idered m reiatiwii to the ether or ;ur or iron. 

§ 28. The line-linkage law & applied to the tSothed armature. If the* 

line linkage law is not. t*> *»b-cure tin* important physical « iiara*. t< nstn:. of 
the » vot lu-d or tunnel armature and tfier? for* nfhiot t<» ’«• op*i»t<> the same 
objection as tliat already urged m 1; -2 aajamst tin* suppose *1 m*<v* rm nt of all 
flux dims ai reft tin*, sl^ts, it mud K interpreted in t he following way. 

I he " true rotatiofl IvM.l ." of a loop oft tji* tootled ai mat lire w^ll K 
given by considering the effect of an infinitely small movement <>f the loop 
within the slots when th^ slots, armature iA>n*and poles are In nl stationary, 

« • e • 

• r. w • 

1 It is :u|fge,sted that tin* line of explanation here adopted adheres more 
closely to th; real nature of the physical Li< is than t^e alternative explanation 
which has frequently ttecrv given. Tins corn entrates atte ntion only on one 
loop and treats its area M expanding ^indefinitely ?*> to embrace ever* 
increasing amour. ^ of flux. But the analogy to a trigonometrical angle of 
unlimited magnitude appeal to the wnterdo partake too nm< h of the nature 
of a aitthematica* subterfug# to be accepted as a satisfactory explanation. 
The simple fact is that after * revolutions the flux embraced by the loop, say 
of Fig. 35£, is not larger by .V times the total flux but is the same as before. 
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and the exciting Ampere- turns are unvarying, i.e. by taking the partial differ* 
cnti.il of the linked flux with respect to the angle a expressing the relative 
position of loop to poh;?. The " transformer K.M.F." can it-jelf t>e resolved 
into*. two components, ^according to whether an infinitely small movement 
of the armatiireSron relatively to tin* pales with the loop imagined s^ationarj 
alters the linkages when Unexciting auqxTe turns are constant, or whether 
the effei live ampere-Surris of excitation vary and therefore the flux of a 
pole-pit* h would pulsate even when poles, armature iron, loop wore 
stationary. That is, in addition the partial differentials of the linked flux 
must he taken with r<rqx*<.t to the angle ji expressing the rdfl'Uve petition of 
armature teeth to the pole, and with re pect to time. Thus - 

d'j x -C'h . da f- . dfi . ' 'h . dl 
‘ na , r(l ' Cl 

Sum: m fact the loop and armature iron are rigidly comm ted, 
da dfi cult 


1 rue rotation 
K M F. 


Transformer h.M.F. 


Rotation K.M K, 


Pulsation 
K.M. IS 


Since the lirst two K.M.F.'.s arise from rotation and corri^pond to mechanical 
torque on conilm tor or iron, they may lx: and frequently are grouped together 
(as shown m the lower line) as the " rotation K.M.F." m a different sense t< > 
that used atxivc, and in contrast with a " pulsation K.M F." which is not 
telatcd to any mechanical torque. 

Thus at. least theoretically the line-linkage Ijiw d<x*s not lalxuv under the 
same disadvantage as the line cutting law that it cannot predut the true 
instantaneous K.M.F. of the toothed armature and differentiate its t auses. 


§ 29. Summary and conclusion. -lint though the more general- 
ized ci)H(V|>t of the line-linkage law may even he held to be univer- 
sally true, it does not appear to afford, so dear an insight into the 
physical processes of nature as the: separate* causes which have 
been classified a$ (A) and (li). t 

A chief difference between the* two cause's and the* two laws is 
that in the ease of (A) yhen the* magnetic Held is undergoing no 
change, utyder tip* line^iitting Ijtw as applied to that e*ase the 
electric force or intensity induetd at a point has immediate reality 
and is definable. In ease (l£) when the magnetic stat£ is changing, 
our hick ofneal knowledge as to the contour of the wave-front of 
electric fierce which results frtmi the integrated effect of the regions 
efli magnetic disturbance renders it dil^e ftlt te? determine the clectr : c 
force at a point . 1 2 * • 

1 Cp. Fritz Kindt*, E. u, AT, 1909, No. 34, ;uul # R. Rildenberg, E. u. A/., 
1907, p* 600. * 

* Except perhaps by a generalized expression l#\sed on the vector pe^ential 
of <Jie moving electrons which t fie m selves pmduce the magnetic field but 
without uging the magnetic field as an iutfrmtyiate link, Cp. S. J. Barnett, 
loc. cii. t p. 1160, and W. F.,G. Swann, he. at. 
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We are thus* compelled under cause (B) to fall back (in practical 
cases) on the total effect in the circuit as a whole give/t by the r/jte 
of change of the lipe-linkages, and since this is dBjdt integrated 
over the arcaumelosed by the circuit, it is essentially a function of 
that aioa : consequently the effect remains a property of the 
circuit as a whole. The elect rjo force at a point cannojeihen be kr-d 
down, and the induced E.M.F. cannot be heated except to the 
extent that in someYlosrd circuits considerations of exact symmetry 
as between different portions tan be applied. 

A summary of the views that have been here put forward may 
assist the reader, and is given on page 83 in tabular form. The dotted 
bracketed portions in the first part indicate the less defensible 
extension » of the two laws. The second part is merely an additional 
classification based on the first part and intended to bring out the 
difference between the causes acting in smooth and toothed 
ai mat tires respect ivcly . 

Fortunately the fact that the two causes do not appear to admit 
at present < f ultimate synthesis into a single universal law resting 
on a physical foundation does not lead to any difficulty in the 
practical easesVJiat inert the dynamo designer. Indeed the two 
causes need not have been considered at such length, were it not 
for tin* distinction mechanically between the cases of the smooth 
armature and the toothed armature. 
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4 SI^F-JN AUCTION AND ALTL' HM.* TIN 0 -CUKRi: NT PlJM'MFNA 

♦ 

| L Secobd consequence o! flow, of current. ~*Oue ^ the con- 
sequences vvWh follow from the nfagnefir field Miat suuounelsa 
current -tiu.^ng conductor, namely, the pull cm it when immersed 
in Sn external field, has been ‘couriered, and in explaining the 
interaction between the two we have spoken i t its own magnetic, 
field as being superposed upon the^xterual field. A so ond impoi- 
taut ciuisequence of it* magnetic propcities lemuius to be traced, 
ami with especial reference to dynamo w nk when the ^uiient in^ 
the conductor is it s<df due to an ext* i nal field it has m*w to be asked, 
What is tlie effect of the eo-presenee of the two^ields as legal ds t In* 
induced in the ac tive conductor ? In act ral nature' at 
anv point in span* theie can nevei be nor than one magnet fc' field 
as mapped nut by lines of induction, and this willJ>e the lesultant 
anting hum tin* magnetomotive force- *1 the- winding that produces 
the oiiginal inducing field combined with the M.M.F. of the e um nt- 
eanving circuit. 1 Wit * it is often possible and legitimate to legard 
» a» h of these M.M.F. s us -producing its own ft* Id <>] srt of lints, 
and to coii-idi-i each set as existing sepaiaDly and thus to anive 
at tin' actual lesultant K M E • 

$ 2. The EfcMJF. of sdlf-induction and the inductance of a circuit 


or conductor. The current -ean ving ninnl has inn s of flux linked 
with it, and so aE* has th» eomhuAoi as funning pait of a < ii « uif . 
In the case theiefoie of the conduetoi as mu* h as in tin < a ><■ < »f 
t he i in nit a> a whole 1 , if a cm rent in it begin-, oj ends, nr vaiies in 
strength, its line-linkages tary and an E.M.E. is indue ■« d in it which 
being induced by the current itself is called the K.M.l. of self- 
induction. It is always so directed a^ to e.pjvfise tie change of 
current of which it is itself t In v effect, an^I all dianges from one* 
dtlmitr value of < merit to another definite valm* must take a 
attain time aiul cannot be mutant a ne *dhs • 

The welj-knowp analogy *>f tin* <ff<<t- fiom cl<ilii<al “s<lf- 
induetion " to th^s*’ at isingirom m* • ftauit'al "inertia" is e,bvious, 
since in virtue of tfye inertia attaching to any mass* of maile r, a 
finite \vlo< ity e afrmot be* given K) it or lake u fiom it instantaneously, 
nor can it V instant ancon. -ly alters el to another value, as shoWn 
by the* familiar instance of starting from re*s^, or stopping, or«altering 
the spe< d of a heavy *y wheel. It must, how<*vcr, he clearly under- 
stood that the current itself has no qualifV analogous tef ine rtia ; 
it h only to the current as prodding a magnetic field that the 
proffer! y attaches. Fgr wijh t lie same 1 * current flowing roAnd a 
circuit , the self-induction can be altered ve ry greatly by any change 
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which affects the magnetic field surrounding the circuit ; and it is 
therefore truer to regard every circuit as possessing a definite qualify 
other than its elec tri al resistance, but whic h in conjunction with 
its electrical resistance determent the current flowing through it 
at any instant unde r an' E.M.F. ; in this quality is included its 
capacity as & condenser, but of still greater importance is >s property 
of electro-magnetic inertia, or as it is brie fly called its inductance 
since* upon it depends the E.M.F. of self-induction.* Obviously 
tin* inductance of a circuit v\dl be dependent on tin* magnetic 
conditions which determine the number of lines connected with it 
when a given current is floss ing, and henee is governed, not only by 
the geometrical form or shape of tin* conducting path, but more 
^•specially Jby the picsence ot iron within or near it. Hy a further 
extension in « ;ims wtn*ie some portion of the total magnetic field 
of tin* circuit can le legitimately asdgued to a portion of the con- 
ducting circuit as causing it, it becomes practically permissible 
to speak of the inductance of a portion only of the circuit or of a 
single* conductor a-, forming a possible pait of a circuit. 

§ 3. The calculation o! inductance. -The general formula for 

the induct ance^f a circuit or part o. r a circuit in ( .<r.S. absolute 
units is / where A', is the number of linkages (each C.fi.S. 

line encircling n loops or turns being reckoned as giv ing n linkage's) 


and r is tin* c urrent in absolute electromagnetic, units, Ihr prac- 
tical unit ot indirctai.ee, the* henry, being 10* times the* absolute, 

, . .. 1(H > 

(henrys) r •; "T a lO 


*(.d»s ) 


f (;un|vris) 


lO' 8 


( 12 ) 


Thus the* inductance is mu* henry if one absolute unit of current 
flowing in the circ uit or coiiduc tor gives rise* to 10* linkages, or one 


ampen* gives rise to 10 8 linkages. 

lit the presence of iron with its varying permeability, the induc - 
tance is not a constant quantity, but depends on the current and 
other conditions which must be specified: in fact, the term 
"inductance* " thenadmitsof mote* than one* definition. Iiulynamo- 
eledric machines iron is a 1 most invariably present, in parts of the 
circuit for which the* inductance has t<- be calculated. Yet in nicest 
cases it usually suffices to consider / ijs coiistarn so that for pur- 
poses of calciriation one absblute unit of current or < ok* amjH-re may 
l>e taken arjd the linkages re^ktSned therefor. 

Kext, in the case e>f a coil of two or more titr.is, all the flux will 
not be* linked with all the turns, although this condition will be 
the more near ly approuefud. the closer toge ther the* turns are- wound. 
When it maybe assumed that the total flux 4*, is linked with all 
the T turns, < 


JC (henry s) 


T *j 

*(abs ) 


X 10 » 


r*. 

1 — 

Maiiirv* 1 


X 10- 


(13) 
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<!>, being the flux due respectively to the cun**nt in absolute units 
s>r to the amperes. If 5< be the reluctance ftfrthc iftagnetic circuit 
concerned, * 

4tt7 t (uhs i 4rr 77 ( a mp- ) f * 

~ ~'A * To » :-K 




hat 


>• 


Vlienry- 


4 7T- 


-T ' 10 1 
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The current, theivfoie, no loiigei appear \ yt its \ahn is viituallv 
unplied in the reluctance whn li \fcill be \ at iablr i! n oil be piesent . 
Jiut .i^un if the assumption ol tin preceding paragiaph mav he math' 
that tin iron is of constant peinu ability .a if tin flux so largeh 
pasM-s through air or othci non-magnet ie medium ^luf the imu # 
heeoineMiT negligible importance, :T or its ns ipioi^tl :\t he permeant <■, 
mav be triatid as a constant, Finally, tlnl ehur, • 

4rr.'7 • X It)-" - a 1 257 ?T Z X In * hem \s . . • (15) 

>no e under the given assumptions all the flux linked with all 
the turns and Mr tin same cuuent thf flux is pi <*poi t ional to tin* 
number of turns, tin* int !u« t;m«v vaiies as the s<juaie,nl the numhrt 

* *t turns. * * s 

5 4. Impressed, sell-induced, and resultant E.M.F/s distin- 
guished. From the fact that an iic i< asing cum lit is dimtly 
opposed Jby the seF-induced K.M F. it is evident that the latter 
cannot he tln # caipe of tfle flow ; there nnist then hr aiiolhn FM.l'. 
m the sayn ditertioji as tin* cm rent, and gieutei than tin- hack 
K.M in We must thrlefol*, m < asVs win le the MilleUt is alt t 1 il!K 
in value, distinguish between (1) tin* impressed F.M F. and (2) the 
« o»int«T F M i ; . of self induction ; togeihei they \n-M tin* resultant 
or Uiiicc E,M 1 ; . \vhi« h iflmndiatrly < allies the flow nf nmeiit. 
In tin: ah'#!! *- of capacity or when tin- opacity is m gligihle* Jhe 
resultant E M.F. at ariy # inom< nt is equal \<> t h^ algehiak sum of 
the values of the other t\y>. Thus, it e, 9 tin* imptesvd K M.F. 
at* any moment, and c t the self inde ed E.M.F. at the same 
moment, the resultant K.M.M. to wiitd* lln* curing is then 
pro[H>rtion;d is - 


the actual algebjai»' # sign of <*, depradRg on tin* <ju» uinii wheiln r 
•the current is incrc^ing or dc^ea^ing in stungth. Or if c' # i>4be 
E.M.F. consumed by the self-induction, and so is tin* exact opposite 
of <•„ i.e. =•= c„ _ * * . 

t\ -■ tf'.and c % c„ | c’ t # 

A: any insta*nt, the current flowing is i * eJR, as given by Olnn’s 
law *R being interpreted as an effective resistance, which includes 
not only the oh # mic resistance but also takes into account any back 
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by reason o( which chemical or mechanical or electrical 
work is usefully done m addition to the mere dissipation of heat 
over the ohmic resistance. r* 

§ 5. Storage of energy in a magnetic field.— But when the im- 
pressed E.M.F. i-> ' o divided, i/may be asked whether the 'division 
finds any actual counteipart in the physical phenomena 

I he answer is that tw o different kinds of woik are'\>eing dune. 
Just as in the ai mature of a continuous-current uhk >r takieg I 
amperes under an impressed voltage V and developing a back 
E.M.F. c, the work done h divisible into tw-u portions, the one 
conesponding to I *R a appearing as heat, and the other correspond- 
ing t<> cl appearing mechanical w'oik (| s»> now tin electrical 
energy develop! d is expended in two forms, of which the one appears 
as useful work or as heat at the late i 2 R or e r i, while the other is 
energy stoied oi liljeiated in the magnetic field at the rateV g i watts, 
ihe ether suiiounding the metallic conductive circuit is an elastic 
medium which is magnetically stressed through the growth of a 
field round the conductor, and then acts as a bent spring whidi can 
again give back the eneigy expended in bending it 

The creation of a magnetic field <lymand> energy, and the total 
amount absuipWl in the process ot bringing tin* current up from 
o to its steady value / can be shown to be \ 1 a . This amount 

represents the electiomagiietir energy of the field, corresponding 
to the kinetic ciieigv, or Jmc-of a moving body ; it is nieasuiable 
ill eigs or joules accoiding as the absolute oi practi al system of 
C.G.S. units is employed. When once the field is established, i.e, 
when a steady cun cut ^et uj , 210 further expenditure of eiu:rgy 
is required to maintain it. But the energy expended in establishing 
it is not ii i ecovei able ; it is as it were stored up and can be libeiati d. 
For suppoM* t\ to be instantaneously withdiawn ; then the self- 
iudur.ed F..M.F. tends to keep the current flowing, and diys actually 
do so, since the cm rent only tails to zero, after a certain period of 
t mu*. Dm iug tins t ime \vm k is being done in tin* circuit, the energy 
stored up in tin* magnetic field icappcarihg as heat, e.g. in the spark 
which occur* when the civeuit is <*pened. i 

§ 6. The case of the continuou^cun'entlnachine.— If a conductor 
is moving at a constant vvloefty between two pofu pu-ces of infinite* 
length" as in Big. 30, and carries current due to the E.M.F. of move- 
ment, the J^.M.F. and current hie sfeady ( and thu -magnetic effect 
of the current remains unvarying in intivisity and position relatively* 
to the conductor. The hitter may then on the basis of two sets of 
lines be said to eanydts own field along with it, ‘and therefore can 
never asdt moves cut ifs own lines. Ahead oS itself the resultant 
lines are denser than the original field; behind it 1 they arehess 
densof but the variation of the distribution travels with it,*and 
only tlu* lifies of the original field are cut/ 
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But it is also possible that a number of active conductors may be 
. so arranged that at once they carry a steady /‘mreut, and. although 
^ach inoviitg, yet as a system yield a magnetic held that is constant 
and stationary in space. Suchjs^he case of the c<*itiuuou>-<^inent 
armature of Fig. 2v5. When thereto* the steady value of tlu* 
current been established, t hv stationary tnagnetg: field of the 
armature as a whole in combination with the 'inducing held will 
yield a rf^ltant stationary field of different distribution which 
contains within itself the effect of^botli. In this case the rotating 
conductors do actually cut tin < »ugh the resultant field, i.c. through 
the original held after it has bMt reacted upon by the M.M.F. 
of the armature ampere-turns. The K.M.F. theme touiul is, how- 
ever, a resultant K.M.F. ; since the auiVnt is sti udy, •there is i#> 
effect from self-induction. Vet in the resultant lu f ld causing the 
K.M.F. is stored the energy corresponding t*> the inductance ot 
the armature ampere-turns, as well as t fie* energ\ eoi responding 
to the establishment of the original inducing held. Thus if the 
at mature circuit is broken while the excitation of tli^ field-magnet 
is unaltered, tla.* former energy will be liberated and tend to maintain 
the current in the same direction as at the moineu^of breaking the 
circuit, while the fielcl is reverting to its origin. d distiibut ion and 
original quantum of energy. • 

§ 7. The case of the alternate-current machine.-- But in tin* 
alternate-current machine the current vari** owing to relative 
increment : # thus in a* current -carrying loop rotated under pole- 
pieces, ^s in Fig. J8, the inqirossed K.M.F. alternates, and the 
inductance also varies, sottoat the flistiibutioii of the act ual resultant 
field as containing the varying magnetic effect of the current varies. 
To the* consideration of this case on the basis of two superposed sets 
of lines we now return. * 

To puUit its most elementary form, consider a loop of*vire 
(Fig. 37) which i^ rapidly pushed up to the pole of a magnet from 
some position outside its Juki ; by the culling of the lines of the 
external field an KfM.F. is set up in thf: direction of the allow on 
t fie loop ; this increases^ in strength, siiu'e.moit: and fnore lines arc- 
cut as it yioves ^trough the dense field mar to the pole. Under 
the action of t lid K.M.F. in the dosed h#^> a current logins 4; flow ; 
but as soon as this current Va gins, ys 4 »\vn lines of flux form loops 
% linked with the^lecjiicakdrcillt. A second field is thuf super j^se d 
on the firsts and tV*e direct if>n of life lines of this second field as they 
pass through the loop is opposite to that ofcthc. first : this if roughly 
indicated in the dicyAam by the dotted lines lying counter to the 
full lines of tjie original field.* It follows* that the rising current 
teiils to set up a field yf lines opposite in direction over the area of 
the loop to thq^e of thtfjbxt$rnal field ; or, ir> other w f or/ls, it tends 
to reduce the flux-density through the loop, just at the time when 
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it is being increased by die motion. Consequently the rise of current 
in. the loop is not so japid as it would be if the current had itself 
no magnetic effect, or we may say tiiat the current by reason of the 
magnetic qualities of its circuit r^iots on the original field. At an) 
moment the resultant field ,\n which the loop is moving has a certain 
value and distribution, and the rate at which the lines of (his field 
are cutting the conductor loop gives the K.M.F. to which the current 
at that moment is pr.q>ortidnal ; but this actual field n&.y conveni- 
ently be resolved into two -the original field and the current's 
own field, the effect vf the two being considered separately. At any 
instant the lines induced b,y the -current itself are increasing at a 
certain rate, and their increase as linked with the loop causes a 
*,*, transformer " K.M.F. in the negative direction round it. It is 
thus opposed 10 the impressed K.M.F. due to the cutting of the 

original field, and the rising 
current induces a counter K.M.F. 
opposing its own rise. 

If the movement of the loop is 
reversed, and it is made to recede 
froinothe magnet, the direction 
of the impressed K.M.F. will be 
reversed, and so also eventually 
will the cur rent. But not at once ; 
the lines of its own field have to 
dit* away, to be succeeded by fresh 
lines passing in the reverse direr - 
t ion thn >ugh t ha loop. The change 
of the line-linkages is continuous, and both the dying away of lines 
in one direction and their growth in the opposite direction cause a 
self-induced K.M.F. in the saint* direction its that in which the current 
was«flowing ; this for a time tends to count cnbalance tlfe ib\v K.M.F. 
impressed on the IAop by the external field, and hence the current 
only gradually sinks to*zoro and finally, becomes reversed. Thus 
the magnetic effect of thd current shows itself by modifying the 
external fiehf, and ^uch. expressions as the inductance of the loop 
aiul the energy stored up in its field, although legitimate, are based 
on a yiental ^separation %>t tfie actually existing* field into two 
component parts. It is not,thpt the loop first. reacts on the field, 
another! cifts the resultant field by nts own movement ; the resul- 
tant field changes relatively to t'ne conductor, partly by reason of 
the latter’s own movement, and partly by reason of change in its 
current. To the movement of the resultant field relatively to the 
conductor the resultant *E.M.F. is dlie ; and if we W'cre to consider 
this resultant field, we must root also crgdtt the loop with ielf- 
induefion or inductance ; it must thep considered as a ciftuit 
possessing only resistance. • 
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It is, however, more convenient in most tases to* consider some 
nart or parts of an alternate-current circuit as possessing inductance, 
ahd to take into account the effect of such «sej>arate inductance in 
combination with an impressed E.M.F. • # 

| & pie impressed, sell -induced andtresult&nt E.MLF. curves, in 
a an alternating-current circuit —The number* of linkages of a 
conductor or circuit carrying an alternating .current with its self- 
induced Mi*. will vary in time, and this variation over a period 
indy be due not merely to tfie Variation of the, current, but also 
to variation in the length or nature of the magnetic circuit that is 


Litikii’S** • 
lint* 



at any moment presented Jo it. In Fig. W let the full line be the 
linkage curve of the self-induced lin< ^ plotted on an axis of time 
o\^t a complete jx riod; Jhis is^iot imvvatilv flf the £aine diape as 
the current cmvc^siive, a> aliea«ly mentioned, the nmnbii of self- 
mdured lino in;^ not vary directly tji# i in J«*nl maj- r all gruim* 
stances, nor need tl*e phase of the • yi 14 nt « m v« and of the eum of 
self-induced fliijflx* ^)ie s^na- ; •here m ay be a lag of th* flux v.^Jue 
behind t|ie vnagnetVing cuftent in*resjH<t of tunc, and, a^ will be 
shown ISreafter, where a portion or the* whole of the Jtiagwtie 
circuit through whV^he self -induced lim^pa-s is ri imposed of it on, 
t here will be sjidi a lap, althoufih it may be veiy slipbt. Ilcncc in 
I ? ig7 38 the full-line tyve is sho*ii parsing through zero at an 
instant slightly, later tWh z*>ro time, whuh i* reckoned. here from 
passage of the current through ze ro. From i he curve of self-induced 
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linkages by finding the " slope " of the tangent to it at each point, 
may be derived a second curve (shown dotted), representing to 
some scale tint timc-H.te of change in the number of linkages, or 
dNJdt, where is the total number of self-induced linkages; 
this may be unsyrnmetrica! if the original curve is unsym metrical, 
and may di.*f»*r very greatly in .shape and character if there are 
minor undulations on the original curve, even when these appear 
small, and almost negligible. *' ' 

But the E.M.F. of self-indi. :tion is proportional to - dNJdt , 
so that if tlncler ivoh urve of Fig. 38 is inverted, it will also represent 
to some scale the IC. JVf. 1*. <d self-imlue 'lion at any instant, and at 
the same time indicate the direction of th/s E.M.F. When the 
itumber of. self-induced lines is increasing in the positive direction, 
or dec reasing m the negative direction, the E.M.F. i^ negative or in 
a direction opposing a positive cm rent ; and when they air decreas- 
ing in the positive direction, or increasing in the negative direction, 
the self-induced E.M.F. will be in the positive? direction. Thus 
if the curve of linkages show-*, as in 1'ig. 38, a continuoUv inert ax? 
of lines, and then a continuous decrease <3 lines, although the rate 
of this increase. ^ (let lease mav he very (liJfcicnt at different points, 
the curve of self-induced E.M.F'. will pass through zero when the 
total number of self-induced linkages is a maximum, and for a 
whole period will he divisible into two portions, below and above 
the horizontal axis. 

If tin* magnetic circuit has a constant induct an< 3' tin* self- 
induced E.M.F. tail he derived immediately from the current curve, 
since c t • jdijdt ; hut in the general vase win re tin* inductance 
may be vai iable, r t must lx* taken as - dXJdt, and tin* intermediate 
curve of N„ is required. 

In, Fig. 39 let the dotted curve F' f he* the dirt ted curve of Fig. 
38 when inverted, lx*irig, therefore, to some scale the nrtve of the 
self-induced 1C.M.1*. in volts, and upon tin* same horizontal axis of 
time let the thick line .(E) be the current curve. It will he seen 
that, roughly speaking, the phase of the self-induced E.M.F. lags 
90° behind the phase of the current, hut owing to the siigdit lag 'of 
the flux behind the magnetizing current the curia* of svlf-indured 
E.M.F, dors uot reach its maximum until after the current curve 
has passed through its zero.. But the thick -lire current curve will 
alsp represent the curve of resultant E.M.F. » provided that the 
stales be so chosen that the same height represents indifferently 
either ofie ampere or oik* ampere* multiplied by the effective resis- 
•tamv of the circuit or portion of the circuit' under consideration. 
In Fig. 3d this is supposed to be the c.\so, so that the volts of resultant 
E.M.F. can be read off the curvy* E. We are now, therefore, lb a 
position to, deduce* the curve of the impreisod E.M.F., which must 
have acted on the circuit in order that with the assumed conditions 
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the curve of resultant E.M.F. should havv]he slmpe shown in the 
^diagram. jSince we have obtained curves which det ermine for us Hu* 
signs at any moment of e t and e $t the ur.% ersd equati* n # o( §4, 
f ( show's that we have« only to subuaft the ordinates 

of the n*ll-induced E.M.F. cmw fmm % »he ordinates at the same 
9 points of }he resultant K.M.F. '*cy \ c ;y ; i ! pl*t .tin ii* difference as 
a third curve, due ngard bqjng paid t,o the.alg* biaic signs of the 
mdinates* The third-line cui\e obtained (1*,) will br the required 
curve of impressed E.M.F. # m v4ts. Oj the emve c\ dX^dt, 

i.e. the cl* >tt ixl cuive of l ; m. 38, midit have*be<n plotted without 

• 



inversion, when we shoukl have had to fldd the ordinates since 
e r + e'g and *c\ is one the rnjjppmieqts of Jlie impressed 
E.M.F. But in either rcse if twc out of the tim e curves are known, 
the thinMs alsofletennined. § 

§ 9. Lag of Vesultant behind impressed E.BLF. *It is tvidmt 

that the shape the result aid K.M.F. miiw may cliffy materially 
> from that of the improved E.M.l'. ; for example, in the assumed 
case of • Fig. 39 the curve of impressed E.M.K. whi< h ha^ been 
deduced logica11y«froni the previous curved, strictly a sine ruTve^ 
yet the curve of resultant E.M.p. is not a sine < urve, and it not even 
symmetrical ©n its ascending and descending sides. Next, it will 
be seen that, while t herself -inducefl E.M.F. always opposes prising 
e rt it does not fdways JLssist^a falling e t . From this, t\v« important 
consequences follow: (1) Since the self-induced E.M.^. docs not 
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always assist a filling t u hut dors always assist a falling current or 
falling resultant E.M.V., the curve of resultant E.M.F. cannot 
coincide in phase wi^h the impressed E.M.F. curve, liut, on the 
contrary, the current curve lag*. behind the curve of imposed 
K.M F. by a certain time depending on the inductance of the.circuit ; 
and further, »this J i me* is usually expressed as an angle or fraction 
of 3H0°, bring measured by reference .to the bipolar case when one 
period corresponds th 1 revolution, or 3(30°. (2) So dong as the 

self-induced lines continue to ri* *, and their number of linkages 1o 
inc rease, however slowly, there is some self-induced E.M.F. opposing 
the impressed E.M.F. ; but at the instant when they are at their 
maximum, and t he self-induced E.M.F. is zero, the curve of resultant 
E.M.F. cuU> the ciuve of impressed E.M.F. Where this point of 
intersection is, entirely depends upon the curve of sel^-induced 
linkages ; and this uepejuls, not only mi the curve of magnetizing 
ctii rent,, but also on the magnetic circuit through which at any 
instant it is inducing liiys. Heim-, if the curve of self-induced 
linkages rout bun's to rise after the (tirreiit curve has begun to fall, 
owing to a more than propoi tioiinte deerease in the reluctance of 
the magnetic rk yuit, tin* curve of resultant E.M.F. will cut the 
impressed E.M.fu at a point aftei it lias readied its own maximum, 
as In fact is shown in Fig. 39. If, however, the maximum number 
of self-induced lines coincides in time with the maximum strength 
of the cm rent , the highest value of the resultant E.M.F. will lx* its 
point of intersection witli the curve of impressed lyMV. Further, 
a given magnet ic circuit always permits of an increase of the number 
of lines of flux through it, when tin magnetizing current is increased. 
If, therefore, the impressed E.M.F. is never constant, but always 
altering in value, the curve of self-induced lines never becomes 
a sf r;yght line (unless the magnet ic circuit Ik* altered so as to exactly 
(jpuitterbalance the changing cm rent— a rare possibility); hence 
there is a definite* self-induced E.M.F. at # the moment when the 
impressed E.M.F. reaches its maxinyun, and the point of 
intersection must be sifhsequent to the «point of highest 
impressed E.M.F. ; *in <4 her wor^ls* cap never attain as high 
a value as ij,. e 

Thcyvhole yiay easily l^ allflst rated bv the case'of a flywheel to 
which is applied a turning forcq, which not only alternates in the 
dirggtion irr which it tends to turndhe wheel# bifi also varies in 
value from zero to a maximum, and thflnce, passing through zero, 
to a maximum in the opposite diieetinn. Sinec # the turning force 
is never steady, but varjes continuously, the tl^’ wheel w r ould never 
reach the maximum velocity corresponding to a steady turning 
force equal to the maximum value of the alternating force ; before 
reaching siy :h a velocity the value of tke filming fo;ce has already 
begun to decrease, and in just the same wav the jesultant E.M.F. 
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lags behind the impressed E.M.F., and it* .maximum value is less 
^han the ipaximum value of the impressed £.M.F. 

f 10. Power in an alternating circuit as determined graphkydly.— 

In ayv portion of a circuit the# rate of development of electrical 
energy #t any instant is equal to tin pi&hirt of the ament which is 
, (hen flowing in that portion of tka; circuit aiul tjte EfM.F. which is 
impressed upon it at that instant. * TJius, in log. 40 , if tin* thick 
line represents the curve of cyrrent in ampeies lowing through any 
portion of a circuit, and t li^ thin tine repiesent* the corresponding 
curve of E.M.F, in volts which is impressed u^oii that pojtmn, the 
i ate of development of eiiejgy in wat?** at anv mutant <i is equal 


3-C-. ./ 

»a A*»rt*t* 
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to the product o* the onlinates nh <ic, wli# h represent the amperes 
flowing at that insftmt and the impressed volts. JJvthiis multiplying 
Together a number of •ymultanqpus vann* of The impressed E M I*, 
and current, an# plotting their products along the same horizontal 
axis, a third curve (shown with a ?h;ufl d fringe iiuFig. 4#) is ob- 
tained, representing the instantaneous rate of developinenf of energy 
> in watts throughout anrntirc^eriod, and the an a which it encases, 
being tjie product of power and Time, represents work done. In so 
doing ^e must yay attention tf> the alg<*brp: signs of tfle EM. I*, 
and current, all nates above the horizontal line being reckoned 
a* + and all. below as - ; and further, if their product be positive, 
itVnust be plotted alcove the horizontal line as positive wprk ; if 
negative, belew it, *»Vie§ative work. Sirtt:e the product of two 
quantities, one # -f and the other is negative, the product of two 
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ordinates is negative unless both are above or both are below the 
horizontal line, i.e. positive work is done only when current and 
impressed E.M.F. are u the same direction. * 

The positive »vork of an alterqatiur is the sum of two separate 
portions. One part is expended in heating resistance's or in forcing 
a current against a na»:k E.M.I\.du«; to causes external to itself, 
as in transformers, both being. useful work so far as the alternator 
is concerned. It C developed at the rate t 2 R watts, where A* is 
the effective resistance, as delir d in jj 4. The other part is tn<- 
weak dour* in the citation nr ie-establidmient (A the magnetic field 
of the circuit as described in § 5. The negative work is due to the 
liberation of the energy stored in the magnetic field which is ex- 
panded par My in heating the ohmic resistance of the c irc uit and 
partly in driving the: machine' as a motor. 

In each hall-peri. a*, in virtu** <»f the growth <>f the magnetic field, 
energy first passes outwards from the c ircuit into the surrounding 
medium where it is temporarily stored, and the-u at a later stage- 
in the same- Kilf-pe i iocl this Mured ene rgy is re turned by the* sur- 
rounding medium into the- conductive circuit. The final result 
is that when a>ftfTiodi«: alte rnating cm rent ha* been established, 
so far as tin- nrgurtie: stress up* >ri the ether b concerned, the net 
eneigy which lias passed in eithe r one of the two directions, i.e. 
either into the sin rounding medium or out of the* medium into tin- 
circuit, is at tin* end of a half-period «»r any whole number of hall- 
periods Zei <>. If the duration ot a period consul* r ably t xcccdcd the* 
time of ont* revolution, say, of a steam-engine, the latter would be 
called upon to develop first more and Own less than its average 
power ; but sines* in alien tutting circuits as commit* ially used many 
complete periods occur in the* time, of one* revolution, the prime 
mover does not show on its indic ator diagram any sign *4 difference 
in its rate of doing wor k, so far as this i> dependent upon tin re ac t ion 
of the magni'tic field. The rhythmical flue'tuat ion *4 the: pe.wer, 
as energy is alternately itored in «»r released from the field of the 
generator, is in practice obscured from our view -by the mechanical 
inertia of the fly-wheel .wul other moving narts, which suffices to 
absorb or give out the* necessary energy as requires’ by its elec trical 
analogy* of inductance. • . 

Thus iR (when R is not tnejvlv the ohmic; resi/ tance but is inter- 
pret ejd as explained above) represents tho energy component of 
the E.M.F., and its product with the current corresponds,. to the 
net expenditure of energy f while tin 4 product of e t with i corresponds 
to the energy which surge j to and fro between the; conductive circuit 
and the medium which surrounds’ it. Consequently the total 
effective work done by the alternating current and E.M.F. in one 
complete period, or tl*e total energy ttanMcrined from electrical 
energy into heat or other useful work, is measuied by the net area 
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enclosed by the fringed curve in Fig. 40, when the two negative 
areas (shown black and marked -) are addbd together, ami their 
Nm subtracted from the two positive areas? ft will be seen that 
the undulating form of the nyvj is due t<> the f^et that efnrent 
and e.xr.F. are continually varying. l|\it the appearance' of the 
negative (shown blaek) power, nr jhe dmiMe frequency of the power 
transference is solely due to the *' l!tg " of tin* nifient curve behind 
the imprur#d E.M.F. curve! by na>*n <*f Ashidi the impressed 
EAf.F. and current ran be m oj^vmite directions. The physical 
explanation of the negative fo rk in the altrrmtfni is that Ihe dine* 
tion of the armature current displaced it* phase becomes periodically 
so related to the field poles that it assists in diiving the machine 
as a motor. Tlie greater the lag of the Current curve, Jhe smally* 
the net amount of wnrk done. If the lag were t^aim-unt to as 
much as a quarter of a period, the entire tninnt nave being 
retarded in phase by an angle uf 90° as compared v it li thl* E.M.F. 
cmve, so that the current value is zero when the impn sscd'K.M.F. 
is a maximum, and vice trrsif, then in eadr halfqwio^ the negative 
area is exactly balanc('d by an equal positive ana, ami the net 
work done in a half or any lumber of half-periods would he nil, the 
explanation being that the magnetic field wnuhQheu be giving 
back as much energy in one quaiter of a pniod as was previously 
stored in the preceding <piartei by tin* soun e of the impressed 
E.M.F. On the other hand, if there is no irahntance and no lag, 
there is nowiegative \tork done, since the phases of K.M.F. and 
current coincide. B »th < asrs are ideal, but s. ne tr> indicate the 
theoretical limits. to whifh practical cases approximate, ami as 
a circuit realizes one or other ideal more oj |< - s closely, it is classed 
as either an inductive or a non-inductive circuit. 

Given, therefore, the two curves of impn ssrd E.M.F. and cut rent , 
a curve r£n be deduced whose area represents the work doii* 9 aud 
whose ordinates represent the power developed ;ft any instant. Tlfe 
mean power or mean ray* of development of emigv will be the 
mean of all the values of the product* of current and impressed 
I$M.F. taken over a sufficiently long tftn^ ; sbe the positive and 
negative half-wajvs of T'.M*F. Aid current are in * a< h ra w- alike, 
it will actually suffice to take the mwui *f all the values dunng one 
half-period. Tlie yuan value of thejiowei during one period will 
evidently be represent ed # bv tli% me«fn ordinate t o t he cutve of powvr, 
1 t.e. an ordinate Ou (Fig. 44)) c »f siW'Ii a height that when multifflied 
by the length 00 ' the area of fche rectaygle so formed PdeO', is 
equal to the net Voak done, or the diffeiem ? bet\ve< n the areas of 
jvositive and negative work. • 

tlie whole of tlie above is appljpble not only to any portion of 
a circuit, but also to t$^ circuit as a whole ; in the case of art alter- 
nator supplying energy to the external circuit its output or rate of 
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development o# energy in the external circuit is equal to the mean 
ordinate of a curve formed by multiplying together simultaneous 
valuers of the P. I >. * impressed on the external circuit from it . 
terminals and of the euirent flowing in the circuit. Tlius in Fig. 
40 if the curves give simultaneous readings of the volts and amperes 
in tlie external circuit of a single-phase alternator, its output, as 
shown by the Incan ordinate to the power curve, is 26 kilowatts, and 
would he so recorded ni a wattmeter. 

| 11, The power factor of an alternating circuit— In the theor- 
etical case of an alternating circuit having no inductance or capacity, 
but simply ohmic resistance, the product of the effective or virtual 
or root-mean square values of the volts and amperes will measure 
diieetly tin* mean power therein developed. But in the more 
genet al rase of a eiicuit having inductance and capacity, the product 
of the \f mean square. or R.M.S. values of the K.M.F. and current or 
El is the apparent pmver of the circuit, and will be greater than 
the true power if there he any phase difference between impressed 
K.M.F. and riim-ti! . Thd ratio of the true* power or watts to the 
apparent power or watts is called the power factor of tin* circuit. 
In the cast' of a # j ircuit which is either ium-inductive or in which the 
K.M.F. and tin; current art' in phase by reason of the capacity 
efftc t exactly balancing the inductance effect, the power factor is 
unity, but in all other easts it is some fraction less than 1. Its 
value may be obtained from the ratio of the wattmeter reading to 
the product of the ammeter and voltmeter readings £ >r the same 
circuit. Thus the apparent power of the alternator of Fig. 40 is 
2255 volts X 121 amperes — ■ 27-0 kilovtjjt -amperes, while tire true 
power is 26 kilowatts, whence the power factor is 26/27-3 ~~ 0-95. 
A calculation of the power of an inductive circuit traversed by an 
alternating current can, however, readily be made, if it is per- 
missible to assume some simple law to govern the periodic variations 
of the K.M.F. and current. 

{ 12. Simplification bj assumption of a sine-law hypothesis.— 

In § 8 the effect of self-induction has b<*en expressed in general 
terms independent of tip* V.xaet sln.pe of the curves drawn and 
assumed, but for the purpose of the sibipler process now; required 
the curves are assumed to (tf>cya sine law . From the mathematical 
nature *of a sine curve, it follows that the curye derived from it 
and expressing its rate of change \vill « Iso be a sine errve of the same 
periodic time, but differing by 90° in its phase. If, therefore, the 
current eprvc in any piety of altcviating machinery follow? a sine 
law and if its indue taifce be strictly constant throughout the whole 
pt riodic thne so that th£ flux-lines due to the current are strictly 
proportional to the current aiu^ follow simultaneously upon v ts 
variations, the curve pf self-induced linkage*) (Fig. 38) will be a 
sine curve /consequently the dotted curve derived from it, which, 
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when inverted, represents the self-indueedlE.M.F.,* will also he a 
sine curve of the same periodic time but ‘differing by 90° in its 
^iase. Further, if two sine curves id tho t *ame periodic time be 
compounded together, as was done in § 8, the ilmd curve so deduced 
is a s fhe curve again of the same p^riodi^time, but mitering in phase 



1 from cithej of tin* two <vmpon*nt.\ and therefore the curv* of 
impress'd E.M.F. (in Fig. 39) wjjl be stu b a curve. Fig. $\ shows 
the combination ilf two ^ne curves to form a third, and it lstherefiue 
the counterpart of* Fig. 39 on the* supposition that both current 
an) E.M.F. ate simwidal. From a comparison of the two figures 
it will be seen that thP thief difference is that in Fig. 41 thart is a 
definite angle bf lag (U° in the diagram) between the furrent and 
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impressed E.MLF. curves. Not only does the current pass through 
its zero at a certain angle behind the ze ro of the impressed E.M.F., 
hilt it passes through its maximum with the same angle of lag. 
Furtlicr, the maxiiuuJn ordinate of the resultant E.M.I\ coincides 
with its point of intersect i(|ji wit l! tfte impressed K.M.F., anddastly 
the maximum value of the resultant E.M.F. is necessarily l(*ss than 
the maximum ordinate of Hie impressed K.M.F. The effect, then- 
lore, of constant inductance in any portion of a ein u ; t % traversed 
by an alternating « uirent is to diift vJie entire current curve buejk- 
wards by a constant angle of lag, and to reduce the he ight of all the 
ordinates of the resultant JC.M.E.,,cm ve as compared with those of 
the impressed 1C. M E. cmw. We thus obtain three sine curves, 
representing respectively* impressed 1C. M E., self-induced 1C. M E., 
and resultant 4C.M.E. or < mieiit, mutually related to one another 
by simple mat hemu| i< a.l laws, that from any two the third is 
easily derived, and (i < >m \ he mat hemat i< al nat m e of sine cm ves we 
( an g<> on to deduce otliei lacts i ( spec ting the three related factors. 
Now the assumptjou that in any given alteinatoi the three curves 
are sine curves i> not by any ineaus necessarily true, Jmt experience 
lias shown that in modem ma< limes un,, great error arises in theory 
or practice lioiiVassuming that tiny arc sine nuves at least for a 
fit si approximation to enable practical problems to be readily 
treated mathematically and graphically. Tlu* unvcs of impressed 
1C. M E. of modern r^teiuatois do closely resemble sine curves in 
their general nat me, and so also but to a los degier d^,* the nuves 
of current under normal conditions of working. 

§ 13. Power factor given by the cosing of alible of lag on sine 
hypothesis. If simultaneous values «.| the ordinates of two 
simple* sine curves of equal period, but of different amplitude and 
phase, be multiplied together, it can lv shown mathematically 
that Hie mean of all the products so obtained is equal tq half the 
jirocfuct of the maximum valins of the two,s t >ts of ordinates multi- 
plied by the cosine of the angle which expresses their ililferer.ee of 
phase. Hence if tin* two .curves of 1C. M E. and current be sine 
cm ves as in Eig. 41, the mean oriVnate to the power curve can 
In* thus directly obtained ; if t\ and i be the impressed E.M.E. and 
alt ('mating cun cut at any distant, and E, and I be their maximum 
values/ the infan value of «*,i or the naan rate of expenditure of 
energy on t^.e eireuit during a Ualfq^vi i< d or any \%hole number of 
half? periods is J E,I cos where i> the angle ‘of lag or difference 
of phase between the impressed lC^ME. and current. \ 

For any function 1 1 vat obeys a sine law, th%‘ effective or virtual 
stands to4he maximum value as 1/^2 to 1, or & 0*707 of the maxi- 
mum value. The product of two virtual Valin'S is’ thus always 
equal fco half the product of the maximum*values. If, therefore, 
V, and /„ be the virtual values of the terminal voltage and external 



ALTERNATING-CURRENT PHENOMENA 101 


current of the single-phase alternator, the Maximum values being 

V, and I„ * . • 


s 


v4. 


cos 0 = 




V2. V. X \/27, 

2 • » 


*} 

<P =* l'./* cos <£. 


lienee tftc output of the alternato, ib equal to //ic product of the 
Urinal voltage aiul virtual amperes 'multi f It ed by the m ca$int of the 
angle of lag » or K # / # cos <f>, aiul in tfii>T 'ini it i> usually t xpirssutl, 
( cr*<f> being the power -fact or o* tin- latio of the true to the apparent 
watts. It will be seen late? that the value ;>t the powei-lactur 
varies with the nature of the load, t’.g^ whether the alternator is 
lighting lamps directly or through tiansloi mei s t .,i is driving motors. 
So small an angle o{ lag as that wlmh has been lllustiated 
above, or so high a power-factor as 0 95, would in ;w trial working 
correspond to the rase of a machine lighting lamps directly or 
connected to fully loaded transformers working on non -inductive 
loads. 


§ 14* The mechanical torque in an alternator.. In Chapter IV 
§ b it was assigned that the alternating cm rent was m phase with 
the impressed E.M.F., but it # is now e\ident that this will in general 
not be the ease, so Hr at for the average toiijne ^he expressions 
given in Chapter IV § (> (6) on the siirusoidal hvpothesis will 
re<|uire to be multiplied by tin* cosine <>j the angle of lag oi 
the current behinel the ruivc of an assumed ^sinusoidal resultant 

field. * • * 

The effect of afmatui t* react inn in t he alt t 1 hat ol lias been tie at e(l 
above on* tin* bad^Vf t\v^ super j«>sed lithk, t lie one of which is 
the main field due to the Held excitation, while the ntlur is s< If- 
induced by the armatuie cur rent. If now tlu* external < mint had 
no inductance, and if the* two tompouent li* Ids of tlu* alternator 
were* strietjy Confined to one and the same magnetic < in uit or s\Mem 
of circuits, the result ar*t < urve* of tlu* In Id density would c.otie* 
sprmd precisely in pha-a: with tlu* on lent <mvr. Under these 
cyi rinistances the* d # iiectiofr of the tang«*rtial diag on the armature 
\v*uid he always opposed to tire direct *tti of station, and would 
nnuely fluctuate mrratlvf in Amount dining tlu* period in a single- 
phase alternated lint as a matte r* of Ja< t the* magnetic circuit 
of the self -induced flux is not entirely the same as th,ft of th? main 
flux. So far a^t is separated he Aise tlu n becomes analogous to 
•Fig. 39, anej the ctiAe of flyx-density in tlu* main fie ld corresponds 
to an iu^Jrressed curve of E.M.F. /: # ; the pr<du< t of tin* instantaneous 
• • * 

1 Also in more confiscated cas<^ the distribution factor of t l*e winding 
enters into the (junction, as foresh ado west in (-hap. IV, § 6, so that the average 
tordbe is more readily obtained throuj^ the division of the output by the 
speed, i,<r. from the watts nor rev. jxr mm. Both expressions have, te fact, 
to be used by thfc designer.* 9 * 
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valut-s of thi* with tl w current values for the same instants when 
plotted will now give Certain areas of negative work, as in Fig. 40. 
The current in the crmature conductors lags behind the indued 
K.M.F. and behind tne Ii g curve* ; the result is that the direction 
of the pull on an active conductor c hanges four times in each period, 
a nd twice for short -intervals (lining each peri< d it drives the alter- 
nator forwards as a mot of, ot gives out mechanical energy instead 
of absorbing it. If the external circuit itself has inductance, an 
entirely separate magnetic circuit (or einuits) is evidently added, 
and there is a still greater difference hit ween the- phase of the main 
field and that of the; c urrent. bi other words, the angle of lag is 
increased, and the; forward impulse's on the* machine become more 
powerful and last longe r as compared with the ba<kwaid drags, 
although they- must always he less in amount so long a^thc machine 
continues to act a« a generate*!. Tims the mechanical fences of 
a single-phase' alt mint of, e*wing to its own inductance or Mill mole 
to anyMnductaiice m its external circuit , are of a " racking " nature, 
which subjects i‘ to stnfins of greater seventy than are foimel in 
the; equivalent coutinunum ori ent dvnamo. 

§ 15. Vector diagram lor inductive circuit. Although the methods 
of § 10 oi lit have' give'n tin* ne*t late at which irreversible 
w< rk is el**iie, they have' not delinitely determined at cadi instant 
how far tin* impressed K.M.K. K consumed in overcoming the' 
effective resistance «*f the circuit and how far it is consumed in work 
upon the* elastic medium mi rounding the' eircuit. Ihh when once* 
it is assumed that ' is constant, and that the re* is no liyst e rc'sis 
(Chapter X IV S 6) so that the' 'magnetic flux° follows tlu* current 
elianges instantly without any lag in point of time* and further in strict 
proportion, the n if any one of the three K.M.F. curves is sinusoidal, 
all are, including the current curve wh: h is proportional to the 
e r ctfrve. The* K.M.F. ’s and current be ing simple harmonic funo 
fions having the same* periodic time, they may be* graphically 
represented by rotating radii or vectors combined in a single dock 
or time diagram. Thence upon the sine-law hypothesis we are 
enabled to deduce immediately only the net rate at whrh 
irreversible work is develop! ove* any considerable period of time, 
but also the rates at which ivu h of the different’ kinds of work is 
done any ^particular instant. 

Let timeche rec koned from tlu v insKnt when the torrent is passing 
tlufmgh zero, so that its value at time * is i =’I sin (oi. Here and 
throughput in such expressions based on the sinusoidal hypothesis 
it must always be dear ly borne in mind that c* is r a purely electrical 
quantity*; it is the electrical angukar velocity 1 in radians per see. 
at which a vector must rotate in order to complete / revolutions 
in a second, where f % is the number of cydes or complete waves 
which an Alternating function passes through in a 1 second. Thus 
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if T, * the periodic time in seconds, / ** 1 ft 9 and 2 ir/ radians 

per sec. Tlie latter only becomes identical with 1 the mechanical 
Titular velocity in the case of a rotating 2-pj>le machine in which 
one revolution corresponds to one complete cvcl^* of or 

current. When mechanical and i^ectri'^il angular velocities occur 
in t ht' Arne expression (as in Chapter i\ § 2) and are liable to 
tonfuMon, the latter may be distinguished by a subscript as <o # 
- p tinies^hc mechanical angular velocitv, o*. 

4' or responding then to i X sin tot, in l ; ig. 42 the time or angle 
moved through in terms of ;£ bipolar machine is ieckoned fiuin tin* 
instant when the radius OR, whose length i< presents E, HI 
the inaxinmm value o{ the " active ” or resultant K.M.F., coincides 
with the horizontal axis ; its projection on tin* critical axis is then 
Z‘*ro, corresponding to zrio current. » 

Hie instantaneous value of the the self -indued l*'. M l* is thus — 




* >r since cos tot 





Thus the cur\e of self-induced F.M.F. passe tin oiigh z,en> oj a 
maximuTn oi^mv parti* ular percentage oi the maximum at an at tual 
time • - tt;2o) seconds after the current has passed through zero or 
its maxiihum, or saiye percentage value of its maxiimim ; 
i c. relatively to the current it lags behind by a quartet of a com- 
plete period, or 90°. This relative phase dilfeiena is of chief 
interest, and is given bv Vie term -rr/2, tie n< galiw sign showing 
that it is cum* of "lag." The self-induced F.M.F. is thereffiie a 
sine function < »f which tU* maximum value isE* to /I, and whi' h 
is at its negative' maximum when t - - 0. Hence \ atiothei lotating 
nylms be diawn of JengthVAS — E, at ;m angle of 90° behind E,, 
onwjr/2- ot behind the horizontal OX at trfie instant /, the projection 
of this vector u|><gi the fertital ;fccis will at any moment represe nt 
the instantaneous value of the self-injucr^l K M F. The maximum 
value E' # of the E.M.F. consumc'd by the self-induct ioifnas the same 
value, but lea*L%|>v a quarter <4 a ]*riod before the anient, and is 
therefore represent*! bv # 0V- Th# impressed K M.F. c< must tflHi 
at each instant not only counterbalance tiny E.M.F. of self-iryiur.tion 
by its component 'c '* but also yield the resultant h.M.F. c r -- Ri, 
i.c. algebraically {- Rt We ha\ft' then only to complete 

the jparallelog&m, having for its side OS and for its diagonal OR, 
to find the direction aitd length of* OK « E^the maximum value 
of the impressed E.M.t\ Or we may .produce OS ttf give the 
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maximum value OS' <3 (he E.M.F. consumed by self-induction, 
and compound this with OR. 

The complete time or clock vector diagram is given* to the leU 
of Fig. 42, and by its sale are plotted in wave form the instantaneous 
values of e t , e r , e\ and i, so that till: correspondence of the projections 
of the rotating radi ; upon the vertical axes to the instaittaneous 
values given Ty the curves when plotted by the method of rect- 
angular c.o-oidinates may be seen. 4 The position of tie* rotating 
radii relatively to the horizontal ax ; s whir h has been chosen for 
illustration is shown by tin* dotted projections to correspond to 
20° later than zero time. The maximum value E* is assumed to 
be 1,000 volts, and of E r to be 500 volts. To the right of tin diagram 
is plotted the instantaneous value of t hr rates at which energy is 
either being ^oml magnetically in the medium surrounding the 
circuit or is being released tln-n fium, or is bring t-xpendi d in heating 
the circuit, or partly it "may be in useful mechanical or ehetrual 
wotk, since R is the effective resistance as defined in § 4. 

{ 18. Active end reactive components of impressed EJM.F, or 
current. "Hither, therefore, the active? K.M.F. may be regarded as 
the resultant of the impressed and self-induced K.M.F.’s or the 
impressed K.M.F. mav be resolved into the two components (1) 
the K.M.F. consumed by self-induction, and (2) the active K.M.F. 
which drives the current against the* resistance of tlx* circuit. The 
vectors of these two component K.M.F.'s being at light angles to 
and along tin* vector of the cut rent, lli<* j'hasr difference brtwven 
the' impressed K.M.F. and the* cm rent is some augie le>s than 90° ; 
a certain amount e»f effective* wr.tk is spent usefully in the circuit 
in each half-period. The* instantaneous values of the two com- 
ponents of the impressed K.M.F., namely, t\ and c' t , are shown 
dotted in Fig. 42 as obtained by projection of their maximum values 
on the vettical. When the projection upon tin* vertical of the* 
maximum a ciiro component E r = Rl is multiplied by the projection 
of the current I at tin* satin* instant, the product or Ri 3 is the rate 
in watts at which energy redeveloped in file circuit in a useful form 
or as heat, or both. Whentln* maxununi reactive component a> /I, 
which is in quadrature with tin* current* is projected upon the 
vertical axis and multiplied hy the simultaneous 'project ion of the 
current, the product or i .if dijdt is the rate at which energy is being 
stored in ir released from \ he me lium surrounding the circuit. 
While the latter lias twice the frequency oi the Alternating E.M.F., 
and in jyiy half-period is first positive and then negative, the former 
or the effective work is always positive or abo'e Kie horizontal line, 
and simply varies from Zero to a maximum and back again to zero 
in a half-period. Further, it is seen from E»g. 42 that in a half- 
period the gross power of the generator is At first spent partly in 
storing energy in the* magnetic field and partly effectively in its 




106 


CHAPTER VI 


useful work j ^fter a quarter of a period some of the effective work 
js obtained from release of the stored energy, and finally this not 
only supplies all th* effective work but also drives t’he generator 
and returns energy to it mechanically. In the next half-period 
the same processes are related, so that the power curie of the 
generator alternates 'with twice the frequency of the E.M.F. 7 >r current. 

The two components of the impressed K M.F. have also been 
called res|M*(.tively the energy E.M.F. and the wattless f i.M .F., but 
the terms are not to be recomnunded, since the instantaneous 
reactive watts ar<* just as real as 'the energy watts. The only 
difference between the two is that the time integral of the latter 
can be used and therefore sold by the central station manager ; 
, the reactive watts, on* the other hand, although not directly a 
source of lo&s or gain, since the corresponding energy is recovered 
immediately after it has been expended, yet are indirectly disad- 
vantageous, since by "reason of them a greater current-carrying 
capacity is ( ailed tor in the machine and cables for a given amount 
of useful work devolnjvd, and regulation for constant volts is 
rendered more difficult. - 

The complete solution of the equation for the instantaneous 
value of the current, 

' dt 

. 'it 

ir 

* ... 

is usually given in a fouu which reckons time from the instant when 
the impressed E.M.F. is zero, that 

, . , di . 

Ri I- ' — e i ----- E ( sm o)t 


When a steady periodic state has been reached, it is 
«. E t sin(f ot~<j>) 


yK*+u*y> 


= I sfil {(i)t - (f > ) 


( 16 ) 


so that the current is a* sine function of the time with a relative 
phase difference </>,. or laggii^g 1>ehin<J the impressed E.M.F. by 
an actual time f>jm. The E.M.F. of se u -induction - . 'di/dt 
from the # present starling point is - to' I cos {tot - <f>) 
--- (o ' I sin (tot - <f> rr/2) > since it lags behind the current by the 
yme t Tf&o, it lags behind the ^impre^scd , E.M.F. by the time 




? 


o> • • # * 

If each of the maximum values of the E.M.F.'* arc divided by 
y/2f the complete clock diagram of rotating radii is converted into 
a relatiVe phase diagram of virtual values. Although the one 
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is based upon the other, the diagram showing the relative phases 
of the E M.F.'s has in itself no reference to Instantaneous temporal 
J aJues, so that there is no need to add the vertical and horizontal 
axes which ‘are required in ordeg that the dock* diagram -may 
* yield results from the point of view o{ actual time. The rela- 
tive phases are, however, of chief importance as giving the average 
(Vaults of a half or whole period" 'The ’piojectutn of the virtual 
impressed J;.\M.F. on to the eminent line wlien multiplied by the 
virtual current, or the product of the viitual value of the active 
E.M.F. E t cos <f> with the Current 7, gives [he average active 
watts or the value over a }>ciind of tj to effective ]>ovver, while 
the projection of the virtual value of the reactive K M 1\ 7*\ sin <f> 
on t«» the current line is zero, and cuirespondingly the leactive \vatts # 
* » vei a j)eiiod arc zero. • 

Just as the impressed F.M.F., whethei minimum oi viitual, 
has above been resolved into its two coinpohent s, it i also possible 
mentally to resolve the current into two components along ;fud at 
tight angles to the impressed F.M.F., the Tamer U in^ a so-called 
energy or vvoikjng current and the Utter a wattless or reactive 
current. Such a mental rey»lutioii of the anient vector when 
applied to it •> maximmfi value has n«*t, however, the same physical 
truth a> the analogous iV'.nlutinn o f the maximum unpit ssed K.M.V., 
since wlien the components are project* d on to the veitnal and 
multiplied by the simultaneous projection of th^ imjnessid K.M.F. 
the itistuflt at^iis iates f«>r the heating and magnetic wmk lesjuc- 
lively are made t?> appeal in fevvrsed oidei in time. The reason 
is that while the inyfressi d^H.M.F. ran truly be tesolved into two 
components of which the one may appear below the hoiizontal 
axis with its projection opposing the projection of the other above 
the horizontal axis, the loelution of the < urieiit lead > to one com- 
ponent airrj-tit»at times opposing the other <<>mponent ; tin* lalfer 
component > do not then iiave anv real physical listener, since in* 
nature the current ran only flow in one direction. The resolution 
,f jlH- lurrent is therefore tinn al as apph* (t to the instantaneous 
values or the diagram of maximum rotating radii, but the method 
F perfectly valid when implied I C*» the phase diagram of virtual 
values ; it then yields the same value %.r the aveiage rate at which 
effective work is done in the ciouit, as the < quivalerA resolution 
of the E.M.F. 'Ihus* the prodtvt o# tfle virtual wnikir*' eurrent 
^cos ^ with.the visual impressed «E.M.I\ gives the active watfs 
over a period, while the projecting of 7 sin # ^ on to the impressed 
K.M.F. is zero. • ^ 

f 17. Magnetic relctance and impedanA, < >n the sine-law 
assurdptions of*a sinusoidally alternating E.M.F. or current and 
of cotfctant .y, the quantity <o / ~ 2 nf / is sect} to express a fuftda- 
mental characteristic of the circuit or conductor. It is known as 
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its magnetic reactance \ it is also symbolized by X, and is expressed 
in ohms, since its diffusions in terms of length and time (the true 
dimensions of / 1 , th» permeability, being unknown) are those t*f a 
resistance, to which, in fact, it # G analogous since its product with 
the current givr>> the reactive volts, t 

The vectors of i‘ith<T the maximum or the viitual vahies of the 
active and reactive volf's befog at right angles to one another, 
with the impievM-d volts' as the hypotenuse of the .right-angled 
triangle formed by them, we have-o;. in the case of the virtual 
values 

I', ■■■■ \L'r i / \fl(‘ \ <-»' /- O-'KHV/ 1 '* ( l7 > 

The combination of the r«*Mdan«v and of the magnetic reactance 
in the sperial form y/R- | e> a / a , being the square root of th«: sum 
of their squares, is-kiiown as the. impedance, Z, of the portion of an 
inductive cin nit whi'lus undei roiiddmatiou. and is also measured 
in olftns. The relative angle of lag </» of the current behind the 
impressed K.M.F. is 1 1 i\Ts d.Tined by any of the three relations-- 
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- R/R 

is t hel'efol e 

a special 


hum of the timie genet al expression which covers sinusoidal 
alternating currents, I E'Z. In Fig. 42 R is assumed to be 
8(Ki ohms, and w ' tube 1,500 ohms ; die impedance is therefore 
1,782 ohms, and tan </> 1,500/866 - 1*732, whence <f) 60°. 

Tin? maximum value of the cuirent is ,thus 1 .000/1, 732 ---- 0-577 
ampins?, and its virtual value 707/1,732 0*407, while the maximum 

E, ~ 866, and E r 50th volts. 

Given any one of the Ihree E.^[.F.'s with a knowledge of the R 
and ,J>. of the circuit and of time frequency, it is easy to determine 
the values of the otheMwq A semicircle (Fig. 43) described cm 
the Impress'd F'.M.F. gives the locus of the ends of the vectors, 
of the K.M.F. consumed by tdu? reactance (OS ’) ^uul of the active 
liM.F. consumed over the effective r # esEtanc“ [S’E = OR) for all 
tlie possible combinations that the impressed E.M.F. admits, so 
that a knowledge <d either R or X defines the case. Or from a 
knowledge of the eunvnt and of ft and X, the three E.M.F, s can 
be determined. .■* * 1 

|*18. The effect ol capacity in the jwcuit— The possibility of 
capacity "being also present as a prop?rty*of the circuit or conductor 
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has been incidentally alluded to above, and its effect tnust also be 
considered, at first in a general way. The to.ik passing from the 
con luctive dj-cuit into the medium surrounding it has so far been 
assumed to be magnetically stoy*(J; the ether rail however; be 
r stressed*not only magnetically, but also electrically, as is the case 
with the dielectric film dividing tlje plates of a condenser. Any 
circuit traversal by an alternating cUnent acts in* some degree as 
a condenser *and exhibits more or less marked capacity effects which 
mav* be reproduced by an imaginary condenser oi condensers, 
either in series or in parallef with 
the circuit (the latter being itseM 
then s uj'>posed to have no capacity). 

When a condenser of capacity C 
laruds connected to a source of 
K.M.F., its charge of q coulombs at 
any instant will vary prop' at innately 
to the difference ut potential in volts 
at its terminals, or q --- C . r. Tile 

• m i rut which lU>ws into or out ol 
the ( ondeiiM-r, charging or diwharg- 
mg it, :s at any moment identical 
with the rate of change of q, or 
i — dqjdt Cdcjdt. With an .alter- 
nating difference of potential at its 
tei minuKwlnc'** nee a steady periodic 

'* at e l as been established, tin* fb »w <<f Miiient into the comb ten 
is a maximum when ih<* imposed K.fM.F. is 7a to* and as the E.M F. 
rises, the rate of charging diminishes until, when the K.M.F. is a 
maximum, the turn-nt is zero, and tlie condense! is fully clanged. 
At any instant the charge Upon the condenser will, if the impressed 
K.M.F. be imagined to be instantaneously witlidiawn, set up„a 

* uirent round the circuit in t he* opposite direct ioii*tn the impressed 

K.M.F. at the moment of withdrawal ; in y lation to the rest ot 
th«v ircuit . therefore, jhe. condeiw r may 1 h # <i i dited with an h.M.T . 
dticlo capacity ~ ~q!C f which is* xactly Ittdan '(d by a component 
"f the impres.se d E.jj.F., ji!>t asthfself-indu.ee] K.M.F. is balanced 
by the K.M.F. consumed by self-indu.tion, # 

§ 19. Capacity reactance on the sine-law hypothesis.- If now 

it be assumed tha* tb^ alternatiifg difference of potential ♦mprc-ssal 
t?f>on the condenser fMlows a*ine law, and reckoning time fmm the 
instant wjen the impress'd K.M.F. is 7,e ry, c * E, sin o>t* The 
current at anv instafht** * 
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The capacity currdit flowing into or out of the condenser is 
therefore a sine function of the time, and may be represented by 4 
vector of niaxinrumjjength CcoE* preceding the vector of E.l&F. 
E< l/y 90°, Of course, this must jiot be interpreted to mean that 
the current actually precedes the E.M.F. which causes it fo flow, '■ 
but merely tjiat their phases differ, and that when the steady periodic 
state ha*» been iVu< lied a [ biaxiimirn of current precedes a *f 
maximum of K.M.P. by a'quarter o‘f a complete period. At any 
instant there is a charge upoii f thr condenser q = Q sin e ot, so t4iat 


q Q . Q / \ 1 

^ ^ sin 0)1 sin I 0 )t % -\ 7 r 1 - -y. sin (a>t -f tt). The 

K.M.F. dm* to capacity is therefore represented by a vector 
c»t length - ■- I/cdC, and" the impressed K.M.F. must contain its 
cotiuteipart fn the opposite direction. 

The quantity \;foC is called the capacity or comlenstve reactance 
of the condenser, since when multiplied by I it determines the maxi- 
mum K.M.F. due <0 capacity, or when multiplied by the virtual 
value of thoruriviit it determines the virtual K.M.F. due to capacity. 
It is therefore to be measured in ohms, and is exaotly analogous to 
the magnetic Jeaetance co l/ , which similarly determines the counter 
K.M.F. of self# induction. 

•The exactly opposite nature of the effects from self-induction and 
from rapacity are evident from the foregoing. Whereas self- 
induction causes the current to lag behind the impressed K.M.F., 
rapacity causes it to lead before; the impressed K.M.F. Whereas 
the K.M.F. of self-induction laj;s a quarter of a period behind the 
current, the K.M.F. elm* to rapacity Irads a quarter of a period 
before the current. If, then, capacity and inductance are combined 
m the same circuit, the two K.M.F. ’s due to self-inductance and 
capacity respectively will oppose one another, and this possibility 
leads us to the complete ease of a series circuit containing resistance 
and also capacity and inductance. c 
$ 20. Vector diagram for circuit containing resistance, inductance 
and capacity in series.— -In the above combination the impressed 
K.M.F. must at otie aud # the samf* time supply the active K.M.F. 
which drives t he current against tire effective resit tance of the circuit 
R, a i^l also balance the B.M.FVs due to self-induction and capacity, 
the two latter acting against one another. Hence algebraically, 

, at q » 

Ri -1- -•/£ + £= «, 


sin (mt -f it). 


. * • * s 

The relative phase diagram of vectors will jthlrcf ore be given by 
Fig. 44*(i), where RI *- E f represents the active K.M.F. in phase 
with the current ; 0.4 -- co V/ ^head of the current by 90° represents 
the E.M.F. consumed by self-induction, «a$d IjcoC lagging behind 
Ore current by 90° represents the E.M.F. required to balance the 
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E.M.F. due to capacity. The two components vj2J and Ija>C are 
Erectly opposed to each other ; they may' dr may not be equal, 
and in our ease give OB as their difference. The relative phases 
and values are thus again given t by a right -angh'd tfiangle, which, 
1 eg. in* the case of the virtual valuts, will have skhs RI, 
l (co ' - i/ioC), and E,. 

• • • 



The solutfcft (|f tin- algebraic equation fot the instantaneous 
value of tiie current* time being reckoned fioin the instant when 
the impressed E.M.F. is ze^i, namely, 
d i q 

* -i Rt |- E, (ot . . (19) 

(M 

• • 

• . e> ' -\/o)( ' ^ % • • 

where tan <f> Ihe ^irtual vahie of the current i c 


gives 


•/ 

J- R 


E, sin (tot $) 
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c>iC 


+( <» 


:) = 






.'-V‘ 


.il 
(oCji 


When taj <f> is positive, - $ in the*above egression is negative, i.e. 
if a> V > l/a>C,the(^itT#nt lags behind the impressed E.M.F. Wlien 
tan^ is negative, ~^t)e comes positive, i.e . if / * 1 ja)C, thc f current 
leads before ttie impressed E.M.F. # As the quantity oj 2 - 1/coC is 
macro larger in comparJW \jith R, the phasqs of the E.M.P? and 
current diverge,* and according as it is the magnetic or the capacity 

m 
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reactance which dedsivfdy predominates, so will the angle <f> in 
the above equation approach its limiting valuers of -f 90° or - 9(1°. 

| 21. The total taactance of a circuit, and the conditions of 
resonance. 'Ftus the quantity <r IfatC is the reactance of the * 
circuit, X, in the fullest sdnse of the term, and X^R* }- (u) - 1 ju)C ) 1 

* , , 1 
is the total imbalance, Z. Its reciprocal ^ , 

1 * 1 VR l }-, (v> * ~ XjtoL ) 2 

is known as the admittance ,* y Vg* d- Ii 2 , where G is the «aw- 
ductancc RfZ 2 and li is the susccpkincc X/Z 2 . 'Hie total react- 
ance may be either posit jve or negative according as the magnetic 
or the capacity reactance is the larger. Further, whenever magnetic 
and rapacity reactance are both present, the possibility at once 
ai ises that within the outer terminals, a, c, of the circuit under con- 
sideration there m^y exist voltages much higher than the impressed 
K.M.F., i.c. such an nil reased voltage may exist either between the 
terminals he of the condenser, or between the terminals aboi the in- 
ductive resistance, or within both of these portions. This possibility, 
which holds equally for eitU.*r virtual or maxima values, may be fol- 
lowed bom Fig. 44 (ii). The vectors he self-induced E.M.F. and of 
the K.M.F. due to (Opacity being opposed to one another, either or 
both may be much greater than K*. 'Hie voltage at the terminals 
of the inductive coil, if it had no resistance, would been * 1, and at 
the terminals of t^be condenser, on the assumption that this also 
has no effective resistance (owing to direct rie. hv^nsis), would 
be I'cnC, and both <>f those aiedetenniiiedby theValue of the current 
and not directly by t lu? impressed E.jM.F. \)r if the portions of 
the circuit, respectively have resistances r x ami r 2 (Fig. 44, ii), the 
difference of potential at the terminals of the inductive resistance 
is the resultant of ho ' combined with the loss of volts Ir x , i.c. 
<q v While the difference of potential at the terminals of tly* condenser 
* is similarly the resultant of IpoC combined with the loss of volts 
lr v i.e. Cj. It is evident that according to the relative values of 
./ami C with a given frequency and impressed K.M.F. , eithcr t t x 
or e 2 or both may be much higher than E it and there is a danger 
of the insulation being punctured. ‘ 

The magnitude of the fot at reactance co - l/a>C for given values 
of J^und C evidently turns entirely upon the frequency. If ./ and 
C are in airy way comparable,* for * very low ireqvency the second 
tdrm will tend to predominate and the* difference of potential at 
the teqninals of the condenser v’id be the higher, while a very 
high frequency the ’first term wall tend to *pr ("dominate, and the 
difference at the ends of the inductive portidn will be the higher. 
But in either case the current will be largely checked down irom 
its maximum value of E/R as fixed by t th# Effective resistance ione. 

1 See Steinmeti, Alternating-Current Phenomena (5th,edit.), chap. 8. 
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But when the frequency and constants aredd sucji an order that 
ajJ/and 1/coC approach one another, the curtftit very rapidly rises 
uhtjl it reaches its great est virtual value / = E\t when co.:/ «s 1 ; o >C\ 
or very rapidly talk i^ff after th^ critical frequency§is passed, ‘and 
o) y and 1 wC again begin to diverge. At the par titular frequency 
when to '■ 1 ftoC, the self-inductance and capacity cffccts exactly 
ahnul one another, and the total reactance is zrfo. The angle <f> 
is then zero. **i the current is fh plia.se with the impressed K M I'., 
and the circuit acts as if it wire a simple ohmic resistance, A\-- 
so far at least as the impressed E M.F. and valve of the current is 
concerned. Complete electrical rtsotuirjc is thus present at the 

/T . 

• i it i< al frequency when to ' - - l/o>C, of to • - »y, sina‘ t 

W V. jl; . . ^ • . . (19/)) 

Tie reciprocal of this frequency, or T 9 --- 2n V. v C, isthe natnral 
priiod of discharge of the circuit if it was fust charged up as a 
fundenser. Hence an electrical circuit is said to he resonant to 
an impress* d pressure when its natural period coincides with the 
period of tin* impressed E.M.F. The physical explanation of the 
t;ut that when the magnetic and capacity reactants cxactTy 
neutralize one another the (ip uit acts to an alternating E.M.F. as 
a pure ohmic resistance, and the \ irtual current vt a< lies its gi < at est 
value for giv rvalues of*/:', R, ' , and C, is simple ; in such a case 
tire nte at which Vncigy is being stood or released at any instant 
m the magnetic field is precisely the* same as the rate at which it is 
being releas'd <»r stored in the charge of the condenser. Just as tin.* 

< ther is being released from the magnetic stress, it becomes stressed 
i lectricallv and at the sarn^ rate, so 1 hat externally, as it \vn entire 
circuit apj^ar.^ to act as a simple resistance, and the whole of the 
impressed E.M.F'. is qxift in overcoming the effective i(>istan<e 
m the development (if heat <»r useful \voik. # 'Hie mngy which is 
beyig transferred backwards and forwards l»ij*\veen 1h« inductive 
resistance and the condenser may he nm« fi gnafh than the energy 
imparted to the t^rcuit T>y the generator, and indeed hears no 
relation thereto, hut i> correlative to die envelopment;.! inerga^d 
voltages betwrvn the terminals of the jwo divisions of the circuit. 
Tire frequency ohcoqiph-te res^ane# gives the. maxi mu fh possible 
ftse of voltage within the circuit, birt at any fn quern y approaching 
this critical value surprisingly high i'olt ages ifciay arise even in a low 
voltage circuit. As a general rule in alternating circuits the ohmic 
resistance is very hSv as compared with the impressed E.M.E., 
and, in the absence of a high useful back E.M.F , the current is 
kept' within bounds by j;l.e iyduotance ; yet ii, as may yery well 
happen, the capacity by itself checks down the current to somewhat 
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the same valVie,as thdt to which the inductance by itself reduces it, 
so that the critical state of resonance is approached, a large current 
and very high diifeVtnccs of potential may arise, witji consequent 
danger of thetinsulation becoiryng pierced. 1 

In the extreme case when the resistance both of the inductive* 
portion of the circuit and also, of the condenser is negligible, and 
when resonance occurs, it can* ho seen from Fig 44 that, so far as 
the rest of the eirruft from c to a through the generate* r> concerned, 
the combination, of pure inductance and of the condenser acts as 
a perfect conductor ; a current I 1 E/R flows through it where 
R is the resistance of tier rest f»f the circuit, but there is no P.D. 
between the terminals a , c. Tin; virtual voltage between a, b is 


•equal to that between (> and c, and each is equal to iV V/G\ giving 
the maximum rise possible with the given R. The combination 
of equal magnet u g ‘ an<J capacity reactances would thus act as a 
short-circuit, were it not for tin* resistance of the rest of the circuit, 
and if this were zero vvy should have an infinitely large current I, 
and infinitely h'igh potential, but no energy absorbed. 

f 22. Vector diagram fof an inductive circuit in parallel with 
a capacity, each with resistance. -Th< r currents ill the two branches 
are algebraically 
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E, sin (tot </>,) 

V'AV 
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As the inductance or the positive reactance is increased relatively to 
the resistance, the current /, in the inductive branch lags more and 
more behind the impressed BrM.R ; as the capofity or negative 
rchctance is increased relatively to tip* fesisfance, 1^ in the con' 
denser branch leads more and myre ahead of the E.M.F. - The two 
currents thus become more and more opposed to one another 
(Fig. 45), and each mefy be very much greater than the resultant 
current / in the circuit as a whole. The lea dr joining the inductance 

1 Cp , Li* Cour and Btagstad, Theory anfrCa&uiation of Electrical Currents, 
translated by Dr. S. P. Smith (Longmans), p. 213. 
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and condenser in parallel might therefore® become' overheated, 
trven though the resultant current througli fhe combination is but 
siiw.il. * 

Tims, if a certain inductive instance gi\es a lfgging current 
h /j and # condenser is placed in parallel witj* it, the new joint current 
ran be made smaller than and at^ the same time be brought moie 


VvWAVT S li 
Ba C 

* TJ5W5OTTT 
JC, * ®i 

I ; n; 45 — luduot.inoe and capacity, ca«-h with resistance. in paralh! 



neaily into phu»e with the KM.F. intyiessed at the tel initials of 
t lie eombinatioii. Such an afiangemeiit, <>: a similar # one in which 
an over -excited synelinmous motoi takes the place of tin condenser, 
is used in practice with induction motors of low powci factor tn 



fir. 4(v Inductance and capacity, each with equal resistance, in parallel. 

• * * ♦ 

older to reduce 4 he line current. lW reactive « omponent of the 

lagging current I % I'eing — r — 2 and of the leading current 
• % 'Kf Wr. r 

7* being • * 

• i? 


{ R * V,C 

it iionly necessary to make these ftvo equal to bring the resultant 
line current info exact* pha& with the E.M.F. ; one such case is 
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when 0 ) !/ *^ l/coC, an<£ » R t = r (Fig. 46), but since R t is usually 
small, a negative reactance 

1 JV-foi* '/'• 

0)C m . r/» c /’ 

will give nearly exact coincidence of phase when R x is much greater 
than R % . 'Pie condenser then, as it were, supplies the reactive 
component which is call* d for by the motor or system of motors. 

If the resistance in both blanches is negligible, the two* component 
currents are strictly opposite»to one another, and the resultant 
current is their numerical difference, or 

/ : l x -I t r E ( 1 /(o 7- o£). 

When resonance also oecurs and m 7 1 jmC, I x * I t and the 

current through the circuit as a whole k z»*r«» ; the combination 
then acts as a pure insulator with regard to the impressed K.M.F.. 
yet a huge current* /t/cu or KcdC, is circulating round the induc- 
tance and condenser as closed up*»u themselves. Tim multiplication 
of the ( tu lent when condenser and inductance are in parallel is thus 
cm relative to tin? mult iplieat ion of K.M.F. when they are in series. 1 

§ 23. The analogous linear oscillations of a mechanical system. 
The real analogy which h«»hk bet we/'n an electric cm uit contain- 
ing inductance, capacity and resistance under the a< tioti of an 
impressed sinusoidal K.M.F. as in 20, 21 and a mechanical system 
with inertia, an elastic controlling force and damping friction, when 
set in os* illation by an external applied force, k well-known, and 
need not be elaborated. But sitiee mechanical ostfitat ions come 
iut o question in the centrifugal whirling of shahs and in the parallel 
working of alternators, something mole may here be introduced 
on the analogous mechauieal problem, in regard to linear oscilla- 
tions which are simple harmonic motions, having its conversion 
to tip* case of rotary oscillations to a later Chapter. 

In order to comply with the requirements of a simple harmonic 
motion (of which one instance is given by tin: projection of the 
movement of a point rotating at uniform velocity in a circle on a 
diameter of the circle), a mass M when liiua.lv displaced from a 
central position of*irst.m\ist be under the action of a controlling 
or retarding force which is proportional to the displacement and 
always directed towards the centre, and of a damping force which 
is strictly proportional to tlv* instantaneous velocity. The general 
equation for a linear forced oscillation isjthcn 
t d'x \dx * 

v-jp + b fn '- cx =y t 

where x is the displacement, and d *x/iU * is fl*o acceleration ; b is 

1 For a short account of pressure rises on high-tension tfonsmisston lines, 
which illustrate the importance of the effects of inductance and capacity , see 
E. Hudson, Electr. Eng * vol. 39, p. 40tr 4 treatment of the effects 

of capacity* will be found in the ,5th editiou of The Dynamo. 
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the damping factor giving the proportionality between the flaxnping 
force and the velocity dxjdt, or the dampingdnrce phr unit velocity, 
c t* the factor giving the proportionality beUveen the Controlling 
force and the displacement which gives rise to it, o|t he controlling 
fuice ikr unit displacement, ami y is the applied huce as a function 
of the time. This being given as F sin />/, whei p - : * 2 rr!T § and T § 
is the periodic time of the external applied f< n e vamng" sinusoidally, 
the equation •becomes • * 

• d*x dx 

lr <n '\ fx F>i " /*{ • t») 

The full solution is the sum of the natilral and ha, ed om illations, 
but when the natural oscillation dies e\ysv undei the action of 
friction, the motion is solely due to the applied face and retains 
t lie jKuiodic time of the latter. The motion must thru be such as 
to give x .1 sin ft {- R ru. />/, when# . I *and /> are ceitain 
constants. It is shown in text -books that 


B 


P (C Mp 1 ) 
b'F i (c up*)* 

F . 

Vb*p* ! (c - Up*)* ' 

F h/> 

b*p* j (c Mp*)* 

• • F • 

Wp* \ -Ac-Mp 2 )* ■ 


c Mp* . 
Vlrp 2 } {C Mpy 


- h p 

V b 2 p 2 | [c M p 2 ) 2 


In the second part <*f < a« li A’pn 'siou the mum iato]s ami d< nomina- 
tor are equivalent to the side-* and hypotenuse of a tight anghd 
triangle. The solution, tlimfoir, is 


*- VbY*(c-upiy- (sin 


W’fiere 


(c -up 1 ) 1 Mn ^ 

* bp * b 1 

'MV-T- upi z ~- c’p'-up' 




Theoretically Ik- fijal di^plactmem 

* t F • * • • F 

* ‘ Vb*p* + (c - Mp % ) % /> vV -f- (dp* Mpy 

is only reached afteVan infinite jiu mb* r of fycles, but except under 
spr^ia.1 conditibns the final value as given above is closely attained 
aft$r a few oscillations? 4ml may, flurefore, in practice at o®ce be 
adopted. # * * • 
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The equation of moiiou analogous to (19) has now been solved 
for the displacement *x which corresponds to quantity Q in the 
electrical case*. To \oive it for v - dxjdt which corn^ponds to t, 
the current, as : s more usual in the 4 eh*ctri< al rase, we have — 
v ■ pA cn » pt pB si \\**pt . 

.. pV * , * 

J cos t] } mu pt. sm tj) 


Vty Me- AW 

tv 

Vb*p % ■!' (c Mp' 1 )* ' 

tv 

Vli-p- | (<: Mp*)* 


s pt 

»/> 


■in (/-i 


pt y 


(200 


%.e. the velui ; ty vector is p times ;is great as the vector of the 
displacement and precedes it by IK) 

Equation (2M) may also be written 


\ 7 & 9 i (tip Mp) 

F 

Vb 1 | [Mp c'p )■ 


3 - iu [t l v i- g ) 

m (pt -p) 


where <p tj 


Ian </> 


Mp rip Mp 2 - r 
h : hf • 

The expression foi r is then exactly analogous to (19<n and in this 
form it is usually given in the electrical case. Here (p is the angle 
of lag of the. velocity behind the applied force when M p exceeds cjp. 

Hie natural oscillation and natural periodic tifnc of the damped 
system is given it the applied force i*> instantaneously removed, t.e. 
when the three terms on the left-hand ,side of equation (20) are 
equated to zero instead of to F sin pt, <>r 
• # . , , iPx , dx 

• • 

Till' nature of the oscillations then result ing*is dependent upoa 
the value of b. Usliall); ftM > b 2 , find in this case the solution 
of the differential equation is * • 

. L. • • 

* x r 2SI (C sin pi t |- D cos p^t) 

• * • 

where Cand I) are constants depending uponthe initial conditions and 




23/ 


(20c) 


It follows that if b is negative, 1 however small it£ value, the amplitude 

® i i 

1 Tift possibility and importance of a neaati^p t value for b will be found 
|n other cascS to be mentioned later, t.g. in tnc centrifugal whirling of shafts. 
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of the oscillations continually increases. If <^is posit iyf, the ampli- 
tude of the oscillations continually diminishes untiiMhey are finally 
flapped out* If the damping is very small, Vf approach the ideal 
case of 6 ----- 0, ie. Md*x di* =■= -cx. or the accvliT it ion an^ # con- 
* trolling force are proportional f the amplitude of an oscillation 
before t HV? removal of the applied foice i^iiu-n c •ntinuallv lejvand 
unchanged after it i> removed, >intothe!v h noticing ?o incuasc it 
and nothiqg reduce it. • • . 

fa) In the idi'iii undamped case, with b • o, n \m 11 he set n fiom 
(20a) and (20 b) th.it the vul\* « ^ f drp.mh aN.mipon the illation 
between ( p and Mf>, h>i these H^iV be t ({Ual. At lh<* particulai 
frequency p 0 when thi^ oreum, an infmittNim.il diveiginie of the 
frequency on either sui» k must be cmisidep d in t « mbinatiou with 
an iufmiteMmal amount of damping. Thence wing c*p « xceeds 
A fp by an infinitely small amount tan tj is z* iy, hut is -sit i\ <*. so 
that tj 0 and iemains at tliis value h-i all lessei i allies of p. 
But when Mp exceeds c p by an infinitely : mall amount, tan tj is 
Z'To but is negative, so that t] 180', amliemains at tins value for 
all larger values of />. When this latjei ta-e is n pitVnted by a 
clock diagram of vectois rotating at an angul.u s|>eed of 2njT 0 
radians pei second, the phase of the verity shoufd lag 90° be- 
hind the phase of the applied foice, and the displacement should 
lag 90° behind the velocity or 180 J behind tlie foice. It is then 
usually stated in explanation that when a < y< lii state of affairs 
has beeil died, dyiing tile half peliod wlirii 1 he foice, and 

consequently als<rthe acceleration, is dim ted, say, t nwai ds the i ight , 
its first effect for a Quarter period is a slowing down of the instan- 
taneous velocity towards fhe left, which at the beginning of the 
half period is at its maximum : when tin a<»vh lation tear lies its 
maximum to the right, tly* body has just bi«u brought to lest at 
t he end o£its*swing to the left. During the next quarter jmriod, 
the instantaneous velocjjy towards the righl giyws uj> to a mAxi; 
mum ; the direction of the acceleration then changes, and the 
second half period follows* with the same Sequence of events. 

Jhe case is, however, entirety unt cal 9 nnd tig* account given of 
it, although matl^einat bully U\u^ is physically misleading in two 
respects. It is got merely that in nature then* will always be some 
small damping force, but that when thereby some damping present, 
(Ven to an infinitesimal degree lh<* at gle by whi< li tl^ vector of 
•displacement lags iehiifd # the vector of applied fon t* diverges 
slightly from 0° at low frequencies, passes rapidly to the value of 
90° at tlie resonani frequency (l ; ig. 47, ii), itwiat higher frequencies 
rapidly becomes marly 180 c but only ranches this latter value 
at an infinite* frequercy of the applied force. This angle of lag 
for A’arious degrees of •damping is*plotted in Fig. 48, and will 
be seen that as the dimpiitg decreases, the ‘curve becomes more^ 
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and more square-coinered, but even in the limiting case of 
zero damping, it continues to pass through 90° at the remnant 



l i«* 17. Vt:< U>i ili.i'.'.r.un-t f*>r tl.tui • > >i iU.it tug -s d« m (o O j .S). 


Any, Ic oi i.ijs oi n ! i. ■••th" » t An-pe of ir ad or 1 laj^ of 

^quanti tip behind applied •a-loot^p. iiP':-pnl)ii‘l«itiyely 

force (F M F.) t.i appi od to; a* (F .M F) 



I**IG. 48. --Phase angles of velocity and displacement relatively to 
applied force for different degrees of damping (a « ^! f - C rit ■ 

• ° 

frequency ; below this frequency, the angle approaches 0° and it 
is only at higher values of the frequency that it approaches 180*. 

Th% undamped system, however, pos§evses practical interest 
owing to the fact thflt the natural fr&qu&fcy of damped systems 
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is most conveniently expressed in terms oil he u^tuhtl frequency 
of the undamped system as a standard of reference. The undamped 
natural periodic time of an oscillation at onceaf.T.nws from equation 
(20c) since when b -- 0. />, takeMfc* value p o A^lj/ ; therefore. 

Po • V v 

From the # importance of tftis quantity, the undamped ease 
deserves a little further con.* idor^iou from first piinuples, A 
body of mass M having been taken to one extreme limit of its swing 
by the external foiee wliieh is thru reiyuVed and damping being 
assumed to be absent, its velocity as it passes the eential position 
is a maximum V, and at any distance v lihm the eentie ^ v. The 
difference in its kinetic energy when it passes the oentte and at 
point x, being equal to the potential eiieigy at that point, is also 
equal to the integral effect of the controlling fonv c a< ting tin *ugh 
the displacement a. Then foie. 

• 

r x c \ L ' • 

-!■*)- I tx'jx ---i 


wllellCt 


/vo'i-r 

V M 


When the l t*y is at it:# maximum displ.m m< nt, i>. at X, v 0, 
that V~.xVUf % 

Jfiit V is also equal to tke unifoim vel«cit\ of a totaling body 
describing a circle, tlm radius of which is 1 1n* amplitude, in the t ime 
of a complete tu*and-fio swing, r.<\ in the natural pei iodic time 7 
H» rice 


\ x I JL 

V M 


ZrrX 

7' 


7' 1- •/-— • t'M) 

, * -V it 

exactly analogous to equation (19fr).» 9 

This is often expressed as T v ----- 2tt V/i, win re ft is the constant 
ratio which the* acceleration towards ihc centre bear 4 - to the 
oisplac euy-nt. Thus in woitls, * 

• / >■>„. / * — • • . 

'' *• V force pvr unit disjAarenu nt 


2tt f^ s Pjf LCeme ” t 

/y acceleration* • 
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since the actual (orce /*— inass x acceleration. Apart from damping 
by air friction, such is the case of the simple pendulum, provided 
its swings are smaF., The tangential force acting upon its {mb 
is Mg . sin 0, vi iere 0 is the angle displacement from the vertical ; 
the actual displacement i* the arc moved through. So long, then, 
as the < honl- in sin *0 ehord/r^dius may be regarded as equal to 
the arc, the foice is proportional to the arc c >r to the displacement, 
(i fijl and its natmal ])ei iodic time becomes 2 tt 

Since />„ ■ ■: 2 jr/7,, V<y A/. k it foih^s that when p p„, Rip 1 

c or Mp c!p. vi that the statenuiit that tliis < quality holds 
is only another way of suiting that the periodie time of the forced 
oscillation is equal to th»- periodic time of the undamped natural 
oscillation. It i-> thus convenient to express all frequencies in terms 
of the natmal undamped frequency, i.e. p k />„ where A* is the 
latio of the forccef to.Mie natural undamped fnquemy and--* 1 
at resonance (cp. Fig>. 48 50). 

(b) The damped ca: sc., Let there now be added the condition 
that the osa.llat’ing velocity <4 tin* body gi\as rise to or C accom- 
panied by a force proportional but opposed to iU i.e. a damping 
force bdx/dt* is pi (Sent. To oVercol’ue this there must then be 
present in tin* vector of the applied oscillating foice a component 
in exact oppo>iti«>n to the damping foice, and therefore in phase 
with the velocity and by its product therewith accounting for a 
certain expenditure of eneigy in evety cycle 1 . The rcsujt is that 
only the remaining eompuiient of the applied Jotfb vector, i.e. 
the component at light angles fo that which balances the (lamping 
force, is effective' in accelerating or in f ovei coming the controlling 
force. The amplitude of the component in F which opposes the 
damping foice is 


bv 


F sin ij 


F 


b 

Vb* b dtp - cjpY 


and the amplitude of t^e component \vhi< h is at right angles to the 
damping foice and which is therefore unbalanced by it C 

r cjp - )lp 


n 


F vb -h (Mp c’py 


Below the resonant frequency the latter component is in phase 
with the displacement which legs l#*ss than 90 K bejiind the applied 
force, while the velocity vector Jeads t\ie1ipph#d force (Fig. 47, i)i 
At the resonant frequency the vectors of velocity and applied force 
are in phase, ami the displacement lags 9(^ behind either; the 
applied force then h As no component in •'phase with or in 
opposition to the displacement (Fig. 47 f ii), bht is entirely 
spent* in overcoming the damping force, ai\d*the interaction between 
controlling force and displacement keeps thVmass swinging. Above 
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the resonant frequency the velocity and di$j4iicemcut' lag 90° and 

180 ° behind the component of the appliitf force which is not 
etpjnded over the frictional or damping fore* (Fig. 47, in), inst 
as in the imaginary case of zero (Japping they appeal to lag behind 
# the tot ii force bv these angles ; in reality jt heir lag behind the total 
force gradually increases towards 90 a and 18c . To lopresent 
truly the whole process, a three-dimensional model vPotih! be requited 
from whi» h t it* would be seen flow the vt-ctor of the displacement 
renaming finite passis through tie- .yigle of 90° at resonance when 
the vectors of applied force and whs’tty coin* i«V ’ 

The periodic time of the damped naljual oscillation win n tin 
applied force is removed ha> already bun givui in (20t). It 
differs, of coiuse, from the pci iodic time o? the undamped natmal 
oscillation, i.e. />, differs from p 0 according to the vaaie of b. As 
the value of h (still assumed to be positive) is inci*aM d in piopoition 
to cM, tin* damped periodic time lengthens *i tlie Inqucm \ dimin- 
ishes. A s saioii as b rea< Ins the value 2vVA/, oj 4< M, we 

then f<*r the first time r« ;i« h a stage when tile curve <A dypl.c eluent 
no longer crossr* the horizontal axis itt time. At t lib point the 
system is just aperiodic, ami the damping is -aid \k> be crtttcal. 
With a further increase of b relatively to cM, the sy*iuu n mains 
aperiodic, but for any given initial condition-, tin body inm*e 
quickly reach'-s its maximum displacement and moil quickly 
returns towards its central position oi n-u, although tin <>i«t i< ally 

• i 

it never na< m 4 it . a 

The special interns^ of the iriticai dttmpin^ point lies in the fait 
that the effect of a;i\ othef value of the damping factor and of 
any frequency of applied (on e can be ♦ nuvi na ntly expiessed in 
terms of b f nt and of tin* resonant frequency. A paitimlar < om- 
bination of values which “Would give b\ %it 4r.U would be ^ 


. • b rrii ----- 2Mp u 2 dp,, 

and from the two last eipie^ions would be detiimiiud the dis- 
placement or spml at the » sonant frequent’. We aie thus able 
to compare the valut of the displacement and its lag b< hind the 
applied force for critical damping with theirn allies at the u -oj-ant 
frequency, and also f for any other values of damping and fiequ<n<y 
in terms of the results for ' ritical damping. Thus let a b'h nU , 
and k ----- applied irequnu :v /resonant • freqtn in y. l^ n b 
iy Mp 0 2 dc//>,,*aiut p -~i kb 0 . Hence by substitution in (2(h) 
the angle yf kig between the vectors of displacement and applied 


force is gi*en by 

b V _2«_ 

a,l 7/ " b'pMk-kbfa " Vk-k 


(21a) 


The Values of r] for degras of damping ate plotted in 

relation to k in Fig. 48. * . 
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Now, whether there be damping or not, tlu- maximum speed 
or the maximum current in the electrical case is always reached 
when the applied frequency is equal to the natural undamped 
frequency, i.e. at the resonant frequency (Fig. 49). Expressed in 
terms of p ot equation (20k) becomes T 




and for any given degree of damping or value of a, the denominator 
is a minimum when £ 1. Yet this does not imply that t he 

displacement or (electrically) the quantity reaches its maximum 
at the resonant frequency. The corresponding expression for this 
in the same terms is 


F 1 

* C X V'4tf*A 1 -|-(A*-l)* 


(21c) 


The values of 1 

y/Aa'k* {• (k % ~ l) a 

are plotted in Fig. 50 from which it will be seen that a-> a i> increased, 
thv fc maximum displacement which without damping coincides with 
the resonant frequency occurs earlier and earlier. 1 The unit of the 
vertical scale of Fig. 50, viz., F /<*, is simply the displacement that 
would arise at zero frequency from the maximum falue of the 
applied force acting against the controlling force which has the 
value c j>er unit distance. The unit of, the vertical scale of Fig. 49 
is p 0 times that of Fig. 50, $.r, it is the maximum velocity of a 
system oscillating with the displacement which is the unit of Fig. 50 
but with the undamped natural frequency. 


, f For a similar treatment of the electrical case in its bearing on the truth- 
fulness o( oscillograms, sco G. W. O. Howe, “ The Amplitude rt\ul l ’base of 
the Higher Harmonics in pseillograms," fottrn . LE E., vol. V S4, p 19. Cp. 
also D. Robertson, p. 24, m the same voiumV. 
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H0M0P01.AK CONTIS* I’OyS-Cl'KKl'NT 1^ VS A Mo ' 

» * • * 

f 1. Difficulties in the homoitolar oontinuous«-current machine. - 

If the terminal voltage of a dynamo at a constant speed of rotation 
is uni-directed during passage of the armature just a double pole- 
pitch and also practically constant, it will cause an equally constant 
and steady or continuous flow of current through a circuit of fixed 
resistance. A dynamo yielding a terminal, volt age which is at once 
uni-directed, continuous and constant in value is called Somewhat 
inadequately a continuous-current or dircct-eurjcnt machine. 1 It 
lias already been shown that the homopAlar dynar.io is funda- 
mentally a continuous-current machine, giving in it sell an um- 
dincted E.M.F. of constant value, without fluctuatjon or pulsation. 
It might therefore be expected that ym fust group M machines, 
namely, hoinopolar dynamos with field unifoim in th<* path of 
movement (Class I, i),* would be id most universally used for con- 
tinuous-current work. In contrast to the helnopolai continuous- 
current machine, the current does not need to be stopped and 
reversed in direction in each armature coil as it passes the brushes; 
it does &>t therefore require any commutator with its attendant 
troubles of sparking at the brushes. To the hoinopolar type, too, 
belong thfc earliest flirins (^f mot oi* and dynamo that weie made, 
since the first motor and dynamo, invented by Hallow and Faraday 
in 1823 and 1831 respectively, were disc hoinopolais. 

The reverse; is, however* the cast? ; the hctcrupolar continuous* 
current machine has been and still is in possession of almost the 
entire field of continuous-current work, and practical experiehcu 
shows that there are inherent disadvantages in the hoinopolar 
dynamo which have prevenfed it s wide adopt!< in. 2 All the ingenuity 
oi •inventors and designers has^not succeeded pp to the present 
in removing these disadvantages which arise from the fact that the 
simple machine gives but a small E.A^F. even at a very high speed 
of rotation. It has been already shown that in its simplest form 
it has only one active element, «md therefore yields at best only a 
^ery low vojtage. It rcitiabis to describe the methods that can be 
employe^ to lessen this objection^ 

* English lacks an ei&cl equivalent to the moje expressive German term 
“ lev^-current ” (GUicn-strom). * 

1 For an interesting surwnary of the various stages in the historical develop- 
ment of the horaopolar qnntimious-curfent dynamo, »ee " Die unioolare 
GlcichstTommaschine/' by sBftris «von Ugnmoff, in Awbexttn aus dem pAthtro* 
ticknuchen Institut :u Karlsruhe , vol. 2, p. 132 (1911 * Julius Springer, Berlin). 
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instead 


t i Homopotar oontiam»<mm 

To increase the EfM.F., fi«t step : Wr‘ 

circuit, and so to double the effecbve cOt^teflft^WiSP&Sr™ 5 
Thus Fig. 51 (a) shows how from Fig. 8 U 
cylinder ofdoublg the axial length and twice the Awe; 
through the cylinder lace bifurcates and half is taken out of me* c~ J ^ * 
of the whole out of one end oPthe armature. The EMF. fg 


ot tne wnoie out oi out- cuu unuv *jiu*au* »•«•■* » ** tuem^rf double 

that of Fig . 8 (a) for the same diameter, and correspondingly the corrent must 
now be collected from the periphery of the cylinder at both ends, since hall 
of the flux must pass through each end oi the cylinder. 

Similarlv Fie 51 (M shows the use of two of the radial-type dtaft of Fig. 8 (b) 
Similar y s J sea n <y&\') vnjNttte va <m disc, atom* the abaft, 

m senes ; the cun re P othe /dfsc. The brushes must therefore press 

again half of the total flux must W 

the flux to pass through the brush collecting circle 
which really hmits the possible voltage from a single active element rather 



jt'lG. 51. Homopolar continuous current machines with double 

magnetic circuit. 


than the permissible peripheral speed as fixed solely by considerations of 
mechanical strength. It is evident, for example, in the axial type that it is 
useless to mcrease.the length of the armature with a view to using a greater 
flux if this flux cannot bo passed through the ar.a of the iron or*stcel at the 
ends of the cylindrical rotor. Hut if the diameter be increased, then the col- 
lection of Urge currents at very high peripheral speeds presents formidable 
practical difficulties due to friction, heating from mechanical and electrical 
causes, and wear of tic brush paths. 

§ 3 xhe cylindrical and diic types tompared. -The type of machine shown 
in l*ig. 51 (a) with a plain cylindrical rotor of copper or brass as the single 
inducing element, running at. say 1 , 1,500 revs, per min . has been successfully 
employed for (Sutputs of a few volts and several thousands of amperes for 
electroplating or meter testing.* The cylindrical or axial type has in fact 
been most used in commercial engineering, although Jie disc or radial type 
was the first invented. This pieferooce for the former type hrs been partly 
due'to the difficulties that arise with the disc type from axial thrust. If the 
magnetic flux that passes iiAo one face of the disc does not all issue out of the 
other face but part leak$ out of the periphery, the d*c Incomes magnetically 
unbalanced and is drawn to one or other side, producing a powerfu. end- 
thrust. A thrust bearing and means for adjusting f he disc to a great degree 
of nicjty are, therefore, advisable. 1 <- 

t Cp. Boris v. Ugrimotl, /or. cjt , p. 209. 



be^greached in combination with a doubt? ma^oetic dreoiMthf 
only mklho dSincren^ng the E.MF.jjjftrt of duplicating ttpa entire machine) 
i§ to inmmae the number of actfvoi^Juctoraand to connect 
add tip jbeir E.M.F/a. • 

If in Fig. 7, with rotating a rmatnre\ a second active conductor be added 

at the side of the first, ^d ^e far ^ outer end ef 

necting wire to the near or inner end of the second active wire, ***- 
wirrif firecg t<f ^ ^ 

limilar air-gap at some other po i t btmmii 

.howti in Cha\ 

rotation proceeds t 

",Lu tw^ifentirely” ^“’eitheTof the two latter ca «<& the connect- 
inc wires must necessarily cut the lines of flux at exactly the same rate and 
in\he same direction as the active conductors ; they are thus “ntanuously 
iu-tive themselves, producing an 'EM.?, m the reverse direction, and the total 
li.M.F. of the combination is nil. Hence if the armature rotates, the con- 
necting wires must be led back through the fac» of the iron field-magnet or 
through the iron and round outside the field-magnet, and so must4)0 stationary. 

At once some kind of sliding contact become^ necessary in order to maintain 
< onnection between the fixed an<i the rotating conductors If on the other 
lMud, the armature is stationary, the connecting wires must rotate with ll„. 
ln'hl-magnct, and the same necessity exists for slidino / > ■ 

thus there is no method ot winding, ,,r<. V vriv's» « JLl.*SuS uliu'X 
U. the homopcAar armature, so long as it has to K ,ve a um-dm-a . \v M V 
AU that can be done is to join one active conductor or tVmcnt on to another 
l>v means {)f slip-rings, and the multiplication of the Electing surfaces and 
of the brush went acts, each carrying the lull-load current is a necessary 
disadvantage. • 

5 5. The»E.M.F. fro® a single element with double magnetic circuit. 

In the. axial type the first stagcrvill lx? again to divide the complete inducing 
cylinder of Fig. 8 (a) into a number of separate insulated sectors, each con- 
nected at each end to a slip-ring upon which mav press the brushes mxessary 
to lead the current out of the slip ring at the back end of one element through 
a stationary connection into fhe front end of the next element. Thus the 
total number of *lip-rings is always double that of the active elements.* 

If a peripheral collecting speed of 100 metres ]>cr m*\ (nearly 20,000* ft., 
per min.) be 'taken as the nufcumum permissible, and a steam turbine running* 
at 3,000 revs, per min. be assumed as the prime mover, the diameter of the 
collecting surface must not be ifiore than 62 6 cm. "nearly 25 inches), and the 
net cross-sectional arca*of iron through which the flux must pass within the 
rinjs after all deductions are made eftnnot txi iftorp thafi alxnit 2,000 sq, cm. 
at one end or 4,000 sg. cm. at both enls. With a density H c « 18,000, the 
flux <I> a cannot be more than 72 x 10* CG.S, lines. Since this is cut in 
60AY seconds. the ^ M F. from one bar is" g 


_ .V 

*•* 60 


: *10 1 


( 22 ) 


, - 72,tKX),oflo -x 50 x* 10 • - 36 volts. 

Three elements must therefore be competed in series t< give about 105 volts 
at the terminals, an^ six slip-rings are required. T^iis alone indicates one 
of the disadvantages isdftrent in the design. 1 » 

§ fl^The crlixylrical homopolar continuous-current machine. --With the 
use of several elements it becomes necessary to make part of the iron magnetic 

/ —ft--- - w™ 

1 The limitations of the* hoAopolar dynamo are further discussed in 
Chap. XXII. 
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circuit into a rotating armature core, to which the barf may be attached. 
A second air-gap V>f small length in each magnetic circuit, analogous to that 
in Fig. 9, thus becomes necessary, and we reach the type illustrated in Fig. 52. 
This shows the essential parts of a machine with eight rings at each end % ^uid 
a solid rotor c oj*e carrying eight sectors. Fig. 53 shows diagrammatical! y 
a developed plan of the winding with the stationary conductors marked by 



slip rings. 


dotted linos. Ip the 300 kw. homo polar giving 500 volts described by Mr. J. E. 
Npeggcrath {Tram. Amfr. I.E.K., vol. 24, p. 1) twelve flat sheets of copper 
bent to the radius of the armature and driven by lugs projecting from the 
core were bound to the solid cast steel armature by steel binding wire. 

Instead of sectors, it is 
more usual^ to» employ a 
number tit equally spaced 
solid topper bars sunk 
into insulated slots or 
pas'sing through tunnels 
in the iron body of the 
rotor. The stationary 
conductors which pass 
the current in the reverse 
direction frtvn a ring at 
one end to a ring at the 
either end may similarly 
be formed of solid bars 
sunk in equally spaced 
slots in the pole-face* of 
the magnet : they then 
also* serve the additional 
« . purpose of a compensating 

winding which neutralises the armature reaction, as will be described in 
Chap. XIX. 

A valuable and interesting account oi a 2,000 kw. f 26C : volt, 7,700-ampere 
homopolar running at 1,200 revs. jx\r min., and of the difficulties that had to 
be overcomo to secure and maintain its satisfactory working has been given 
by Mr. B. G. Ummc. 1 This machifie with a peripheral collcctiig speed of 
1 3,200 ft. per min. had weight collector rings at each cn\$l of the rotor, and each 
, of the eight active elements giving 32 5 yolts was subdivided into six cqe-inch 
round solid conductors in insulating tubes threaded through nearly closed 
holes in the solid steel forging forrr ; ng the rotor. 
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Fig. 53. — Diagram qf dbnncxions of 
armature of Fig. 52. * * 


1 ** Development of a Successful Direct-current 2,000-kw. 
Generator/* Trans. Amtr. vol. 31, paft II, (1912), p. 1811. 
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Ho MO POLAR AlArNATOKS 

i > 

| U Homopolar alternators.- - Although of gieut lii>i«uical interest, 
and at one time much in favour, homopolar alteyrwitois which form 
the second group of machines turd only, brief consideration, since 
they have been practically sujH-rseded by the Inteiopolar type. 
As already stated, the homopolar machinr naturally gives a utu- 
dirccted K.M.F., but is made to give an alternating EM l\ through 
the device of interrupting the circle of the magnetic field by one 
or more neutral spaces through which very few line* of flux pass. 
Connecting wires can then be brought through these spaces and 
it can be wound, which is a necessity formn alteryator that is to 
give a high K.M.F. 'Hie dnnn and disc methods of winding as 
described in Chapter III, § fg will therefore be our starting-point. 

$ 2. Concentrated, grouped, and uniformly distributed windings. 
With the formation of a coil of many loops the quest ion ariias 
how far the increase in the K.M.F. Will em respond t<» the number 
of active conductors which have been addl'd and connected in st‘ritrs. 

In the £as%ojf the smooth-surface armature, if the several loops of 
the drum coil an? wound on the to]> of one another, cadi will at 
every instant produeh exactly the same K.M.F. as the first original 
loop, provided the density of the field be kept tin* same ; the winding 
may then be called concentrated , as it will beeumr piled up into two 
or more layers of small width. But this must result in an increase 
of the length of the air-gap, and therefore with a given exc fling 
jx)wer the, density of tl*e flux is greatly reducul. With a largo 
number of loops it becomes necessary to wind them by the side of 
each other as in Fig. 18, so fis to permit of the retention of the same 
ai%gap as for a single loop. TJp* windii#^ thus Jeromes uniformly 
distributed over sojpe appreciable fxtent of *tlu armature core, and 
as the coil-side bas a certain width, *all the loops cannot occupy 
identically the same position relatively to the j*»lai* surfaces at 
any point of tigie. * It follow** that the E.M.F.'s indued in the 
different loops will aot a t tbe saint* moment be always alike either 
in direction or amount ; in otherjvords, tiny differ in phase. The 
effect of^he coil h tljcn to compound together a large number of 
pha^p, each of whic^i differs a little from fhat of its neighbour a* 
we pass from <5ne side«of the coil to the other. 

Next, if the armature be # sIotte<3 and the additional loop* arc 
wound within the same* slot as the original loop, the wiriding may 
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again be called jconcctftrated, and the E.M.F. of each new loop so 
added will ve ry nearly be the same in magnitude and phase as that 
induced in the first* loop. If, however, this staUmertt is to bold 
true in practid , the dimensionsiof the slot in order to receive the 
numerous conductors nm:t not be increased above cert aijy normal 
limits. Should tin; slots become too deep or too wide, it will be 
necessary to divide the wires between two or more slots placed at 
some distance apart, and in this case the joint E.M.F. produced 
by the conductors in one slot will not be in phase with that of die 
conductors in the second or other slots. Tlie slots being spaced out 
cover, in fact, a certain proportion of t Im field, and a grouped dis- 
tribution is obtained which falls midway between a concentrated 
winding apd the uniform distribution of the smooth-surface armature. 
In the grouped winding of the slotted armature, 1 a small number 
of sharply distinct j hasrs an* compounded, but as the dots between 
which the side <>f a coil is divided are increased in number, the 
distinction bet ween the uniform and grouped distributions gradually 
diminishes. t In all cases the effect of adding in series two or more 
E.M.F.'s differing in phase must be a reduction of the total as 
compared with the product of the K.'I.F. of one active conductor 
multiplied by., tire number in series, and it' becomes necessary to 
eemsider the effect of the width of a coil-side, whether on a smooth 
or toothed armature. 

§ 3. The pitch-lir <3 and the pole-pitch of the homopolar altepator. - 

In order to investigate the best proportioning of the. widths of 
pole and coil, so as to make the most advantageous use of an armature 
of given dimensions running at* a given speed, the three widths of 
the coil, pole, and gap between the poles must be measured along 
the mean circular path traversed by the rotating coil or magnetic 
field, as the case may be. 

, 'Jthis circle is railed the mean pitch-line, and in the case of the homopolar 
machines now under consideration which have one or more fields separated 
by a neutral space or spare* of very weak flux-density, the pilch is to be defined 
as the distance measured along the pitch-line between the centre of a field 
or polar projection and the centre of the adjacent iitterpolar gap (Fig. 54). 
As shown m ('hap. Ill, § (vthc maximutff permissible width of field, even with 
only one loop, is not more than the p\tch, since otherwise differential action 
reduces the time during which tujv resultant F.M.F. is produced. The field 
can, however, lie as wide as the pitch, since in any one circle of polar pro- 
jections all are of one sign, and no magnetic flux leaH across from one into 
the other irithout entering the arnuViure ; on tfjis recount the ratio 

^plni 1 ^ 1 " usuall y approaches unity more nearly th&n in the corresponding 

heteropolar machine. When there a tv several loops wound side ? y side, or 
several slots between which each side of the coil is distributed so that it has 
appreciable width, there \till tie considerable differential action unless the 


1 At is here assumed that the slots are parajle) to the axis of the shaft. 
If shewed through a slot-pitch* uniform distribution is r&ched. 
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width of the held be reduced to equality with the Bincr loop and the width 
of the outer loop of the undivided coil be not gTeaier than 1 the width of the 
K1.p. Various proportions of coil and pole are therefore possible, and 
thoi% relative Advantages can be decided by mathemaVc&l analysis. if the 
flux-density euK*e along the pitch-line is Renown. y 



Fn*. 54 - Flux*density along pit* li line iti ^liomopohir alternator 

4 

{ 4. Types of liomopolar drum alternator*. tonally i» t h«* single phase 
alternator with undivided coils a# shown in log >4. the wuPJi of the inner 
loop is equal to half the pitch, and the width of the outer loop equal to one 
and a half times the pitch, so that half tlv armature is covnrtl with winding. 
Hut any such single coil may Ik* more conveniently divided into two, so that 
the end-connecting portions have 1« ss depth, as m the heteropolar drum 
alternator (Chap. IX, § 5 ). 



Divided cuds are therefore illustrated in the simple drum alternator of 
Fig. 55, which alsto shflws by dottwl lines flow the whole may £e repeated 
with a second fiefl. IVc thus arnve at ttrict as many coils as there are 
fields, the coils^eing virtually airanged ift pairs, and each pair corresponding 
to one fielfi instead of two fields as in the heteropolar machine. The 
width of tfte outer loop of each of the two coils ts now equal to the pitch, 
but the coil-ratio is still expressed in terrn^ofthe total width of the 
windirf or the width of one belt of active wires forming the adjacent sides 
of two coils. Tflc several fields are produced by polar projcctioits from one 
central revolving iron mass # The excitii^ coil F is not rotated, but *|. SU P" 
ported from the stationary /arn^ature ring, so tha^ there is no revolving 
copper and no nee<l for any collecting rings either for armature or exciting 
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current. The rotating i Am system may be likened to a number ot " keepers/* 
and i* sometimes known as the “ inductor." whence homopolar drum 
alternators ot this claw have received the name of " inductor” gtn er atari t. 



From Fig. 55 is easily drriwd what is known ;u a ‘'double-armature" 
inductor alternator. Instead of the simplq continuous air gap shown on the 
right-hand Midi of Fig 55, the second gap in tin; magnetic circuit may be 
broken up into separate poles and utilized by a second armature similar to 
1 . the first (Fig. 5b). If the Holes on one side of 

the machine are abreast of those cm the other 
side, and the cmls on the two sides are staggered 
relatively to one another, the. machine will give 
two phases. Or t.\u* poles my,v, V ‘themselves 
staggered, when wemayag.rn consider that there 
is only one pitch-line, .* pole being in each case 
opposite to a neutral intcrpnlar gap ; and from 
this another arrangement, shown in Fig. 57, may 
lx* obtained which is suitable for a single-phase 
machine. The armature conductors are now 
taken straight through both halves of the 
armature core in tunnels or slots, and each 
straight wire consists of an active -portion and 
a connector end vo end. Finally, the two 
armatures may l>e arranged one inside and one 
outside the circli of revolving " inductors " or 
" keefMTs " (Fig. 58) ; these latter are bolted to 
die side oftthc fly-wheel of the driving engine. 
In all capes kA double armatures the windings 
are preferably connected in series so as to avoid 
any ‘liability to slight differences in the curve of 
lvM.F. or of current on the two sides. 
r § 5. Frwtncy of homopolar drum alter- 

Fio. 57. — V)rum inductor nator.- Since the passage of one field past a 
alternator with staggered co jf giy os one complete liouble wave of E.M.F., 
the number of periods per second, or the 
’ frequency of a homo polar i^u ra or disc 'alternator, 
is pNIQO, where p is the lyimbcr of fields or polar projections on one^side of 
the armature. Thus in the drum or disc homopolar machine p is * ot, as 
in the heteVopolar machine, the number of pairs of fields, and this difference 
in the definitions is the counterpan. of the difference in the definition ©f the 
pitchlor ttye heteropolar drum or disc madutft as given in Chap. IX, § 1. 
Since p is also equal to the number of undivided coils on the armature or to 
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the number o! pain of divided cods, the frequency of the hoAiopolar drum 
alternator is the same as that of the heteropolar w;th at/ equal number of 
apnature coils, although in the latter there are twice as many fields as in the 
homopolar machine. 

A characteit.stic feature of all homopolar alternators if that the } Miles 
form branches of one and the samtl lhagnetic circuit, ami their fore only 
require <\te exciting coil wound on that jMirtiu. of the circuit where all the 
lines unite to flow in a common stream. Kadi acti. wire thus cuts the 


• * 



lines from the numerous mi1m.1i visions of <>ne common pule, as the term " homo- 
jKilar " emphasizes when applied to an alternator with many fields, and it is 
on this account that we have Spoken uf the fields ratlin *th.in of poles. 
Although not confined to' hnm«'j»o!ar alternators, the sim-h^ex* ittng coil is 
always employed in them. • 

§ 6. Useless line* entering the armature. - In all lmmopoiar alternators 
if a line 17. Ik* drawn symmetrically l»etwi*en two nriglilmuring pules of like 
sign, any flux which enters (<>r leaves) th<> armature ^ t lie intcrpolar gap 
up to thehmitj of half the iptch mi 

either side of the symmetrical line, b c 

i e. lx* t weep HI) (Fig 59), is not 
only useless but is positively detri- 
mental, since it causes a back 
F..M.F. by cutting the wires, which 
should act purely as connectors. 

In the homopolar machine* this 
differential action is always present, 
whatever tile width of the wind- 
ing. The harmful lines aji often 
called " leakage," but the name is 
not strictly appropriate, since Ihey 
c»tcr the armature, a] though not 
in* useful manner. Their number # 
must therefore lx* deducted from » 

the useful lines which enter immeftiateb, from a jxih- fa< e. Thus in 
Fig. 59 if <P' a be the total number UAt pass into the an afure from 
the N. pole within the limits of the pitch, t c 
and +- 1 1 *— l ' u f ~* ’ “ 1 

4 nust be reckoncdTis farming < „ „ „ . . 

oot of which js given A curve indicating the flux distnbution in th«* air gap) 
After thu$ discounting the effect of the direct differential action peculiar to 
the homd^olar alternator, we arc left with the deferential action due to the 
coil having width ; {fcifacan lx; taken into accoiyit ov a winding factor A rf , 



Fir. 59- 


\»r gap fluxes in inductor 

alternator. 


between eitlfcr HR or /•/>, 


t be the number df harmful liars' lxdwA-n IW, the total manlier which 
: be reckoncdVs farming one field is <T> a * <!>'„ * a [ ( P- l' 1 *- $4, at the 



when the width of the polp js nut equal to the pitcji, Thus with Wf little 
modification the values of K as given later, for different ratios ox pole* and 
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coil-width tcf the pitch in the heteropoUr alternator are equally applicable 
to the analogous' nomopolar machine. 

| 7. The E.M.F. equation of the homopolu dram alternator.— In the 

drum homopolar machine with single armature, p lias already been defined 
UM the number of field*, or of polar projections. If, then, Z >be reckori&d as 
the total number of conductors which* at different times actively induce an 
K.M.F., and ha* therefore thr same meaning as m the eorresponth/g hetcro 
polar machines, ea< h« wire in one revolution cuts t> tines. The 

average I’ MX. is therefore, .with fh t, same pole width and the same net flux 
in the air gap, only half that of the similarly wound hct^ropolar armature, 
and so also is the virtual F.M.F*. The equation for the virtual M F in one 
pliase of the drum hornopolar is then 

x''>> V 'Au . . 

where N is the number o* phases, q is the number of parallel paths in 
the winding, and K has the meaning given on p. H>8. Hut as already 
mentioned, the ^wile-face is usually of greater width as compared with the 
pitch in the homopolar than in the heteropnUur form, and also owing to the 
field not being reversed in direction in the armature core a higher flux density 
is permissible ; hence #i»' a ~<f* a of the homojxjlar may not lie so very different 
from the 2d> a of the hctero|ft>lar alternator with equal mtmtors and dimensions 
of armature coils in both c ases, te. the virtual K.M F.’s are nmie nearly equal 
for the same values of />, /, and <V. In the; c.eie of the combined double* 
armature of log. ,57, if / f/e reckoned as the number of straight wires or 
liars passing* from end to cn/l across both armatures and d>' a f a lx* 
reckoned on one side only, the equation Incomes 


} > 4 / / • • r ‘ 4) 

Af»tl the saint' holds for the two separate armatures of Figs. 5t> and 58 if these 
are in series and / l «• the number of active condut tors in one armature. 
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| 1. The E.BLF. equation of a farm loop, in a heteropolar field. 

Having thus briefly dismissed tin.* subject of hoinu|>i<];u machines 
both continuous- and alternatyt£-cui?ent , \v«* return to httrroj>olar 
machines (Class II), which, a-% beiuf^by iar the must common tyjv 
in practical use, must be the main subjTct of the pi (‘sent biiok. 
Resuming from Chapter III § 12, the E M 1; of a single ilium loop 
in a heteropolar field will first be cunsjdmd. The fundamental 
E M.F, equation of the dynamo may here W recalled in its two 
forms # • 

c =“ x Hi* or d\ t ‘ di > 10'" 

where 0 is the number of C.G.S. lines cut m time or A f , 

is t he number of linkages of lines wit h t bioelectric circuit . Hy nuans 
oi these equat ions, any case catf be solved, l.owever complicated may 
be the closed circuit, if ft be mentally split up into sn*d! elemental 
portions, single condmtois or loops as the t ay* may 1><\ and theft 
E.M.F. *s be summed up throughout the whole of t ho circuit, due 
regard be jpg paid to their several directions (on# direction round 
the circuit bttfng taken artfpositivr) and to the (juesiton of whether 
any or all pf the elements are in parallel. 

Given a single drum loop «f any span mounted on the surface of 
a smooth armature, whether in a hi- or multipolai field of lietuo- 
polar type, let the flux-distribution in the air-gap under the poles 
he plotted to give a curve, las in Fig. 12, and let B s and By, ea< h 
having its <*vn appropriate sign, be the values of the flux-den *iw\ 
at the positions x and (reckoned sparially from an inteipolar * 
line where the field changes, direct inn relatively to the armature), 
which the two sides outlie lr>op occupy at some instant (cp. Fig. 61). 
Tlufr the instantaneous values rtf the E.ir t. mfluced m the two 
sides respectively f<% a constant linear velonty V r in. p< r sn. are 
> B r LV x 10' 8 an i\*B r LV X 10 * ; for ttfie length of t Input ive side 
is in each case at rigl^ angles to the* direct ion of t h<‘ fn Id and nits 
through it at rigflt angles. If flic spar of the loop is Hi ch that 
and i?^Jiavcthc ssftne a!gttf)raic si£n, the E.M.F. in each loop-side 
is in the «^me direction along it, bnt when the loop as a whole is 
considered, one diretyitn round it must be tpkfn as positive, and 
in thigrfelation tjie resultant instant ancons E.M.F. is the difference 

LV xRO- 8 volts. # 

For the linear velocity $ may be substituted a >R, where R is the 
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radius of the ♦conductors and a) is the constant angular velocity 
«* 2irN/6 0 «a 2 m *, so that alternatively the E.M.F. of the loop is 

In the hcteropolar machine (m contrast to the homoj'/lar case , 
of Chapter VIII, *§ 3) the pole-pitch is the distance measured along 
the pitch-line between the centres of a pair of neighbouring poles of 
opposite sign, just as in*a toothed wheel the pitch.i^the distance 
measured along the pitch-line from the centre of one tooth tothe 
centre of the next. If a drum armature such as that of Fig. 18 
he imagined to be cut across abmg the line marked X and flattened 
out, as in l'ig. 60, A A is the pitch-line and p p is the pole-pitch V. 

Now if the span oh the loop or the distance between x and x' 
is exactly equal to the pole-pitch, Y, i.e. to the total width of a 



field, all fields being assumed to be alike in their tov’al flux and 
flux-distribution, the two sides of the loop at any instant are 
symmetrically situated in fields of equal density but of opposite 
sign, or - Brf ™ 'Die E.M.F.'s of the two sides are then additive 
round the loop, and the total E.M.F. is * % 

2BJLV X 10‘ 8 or 2 BJLvR X 10' 8 
and it is this condition which in practice would be aimed at. 

Thus a single conductor on a smooth-armature at constant speed 
gives a time-wave of E.M.F., the Shape of which is an exact replica 
of the spacial curve of flux-den&ty round the aV mature, and so also 
does a single loop equal in Itpan to the polo-pitch if the field-distri- 
bution under each pole is similar ; but if tjie distribution under 
each poK? is not alike the E.M.F. 'curve of the lobp would be freed 
from the even harmonics which'would then be ibund in the flux-curve. 
In practice, however,, such a case seldom needs to be considered. 
The same results may.also be applied, at leatU&s a first approxima- 
tion, to the case of a conductor or loop on a tootped arm^Stirc, or 
combined with a toothed pnle-face, but in this case any ripples 
supposed on the smooth wave of EiM.E.imd duetto the presence of 
teeth and slots in stator or rotor or both are no\ taken into account. 
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| 8. 11m abort on the a p po rt io n ot a rtto oi Ml y dirtttoted 

ML — If the flux-density curve is sinusoidal *as shown in Fig. 61. 
it is expressible spacially as B tt sin a, where is the ampli- 

tude and a is the angular distance reckoned (in ter ml of a bipolar 
•machine r or which 180® or tr radians correspond to the pole-pitch 
Y) from the point where the flux changes its-diivction between two 
poles. B t$mpx d<jes not itself have afty si£n, but the value to be 
assigned to the«angle a for any given poiitt x follows at once from 
the fact that a stands to ,t as gr k> # V ; hence, a - nx/\\ The 
instantaneous E.M.F. of tin* l«.J>p is then 



When tin* span of tile loop is Y, f^r a' - a -j Y and sin nx /Y 
— sin (180° -j- ttx/Y)*, this becomes 


2B gBmas LV sill 7 txJY X 10 8 


'Tlte above may also be expressed in terms of time / instead <>f space 
x. Reckoning thne from the instant when a single conductor crosses 
the neutral ‘line bet ween *t wo fields, its instantaneous E.M.I 4 . is 
B„ m „ 7-Ksin o>J X 10 8 \yhere = pco •(Chapter VI, § 15). 
BuW in the cast of a lvop of span more or less than the pole-pitch, 
tim<*is best reckoned from the inttant whAi the dxts of the loop is 
at right angles to *hc neutral liije or zero space-position from 
> which x was measured. Tin E.M.F. ortho loop is then . 


B„ muLV [sin fa + wj) -#in ' J (w- a) -j- uj\, / ip'* 

•= 2fi„ mt JLV sin C^( a# a X 10*» 

and when Are span of the loop is e<jual to Y fc so that x — 0, 

« 2ZL, max LV sinty X 10- # * 2 B, t «>/ X 10“* (25) 

If 7, ^=the periodic time in secs, taken by the loop to pass a double 
pole-pitch, giving a complete wave, %) t *» 2ir/T p ; for sin o)J ipay 
then also be substituted fh£ e<£iivalent expression sin 2 rrt/T 9 which 
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is analogous 4* the previous expression sin 2nxf2Y, the position of 
the loop of full span Y being identical for the zeros chosen for both 
space and time. „ 

The flux-d.stribution being- hgre assumed to be sinusoidal, the 


maximum density 


Substituting* this ex- 


pression and remembering that nK/p Y, the E.MJ\ is 

/*„«,/. Y v) t sin <oJ /. 10- . 

» 

But l. Y is the t\>tal area of one field, so that JJ gtai .LY — <D fl , 
the total flux of the field sinusoidally distributed over a pole-pitch. 
Hence when the span of the loop is equal to Y and when, in con- 
sequence, it is linked ih its zero jnisition with all the flux of a field, 
its K.M.F. Inay also he expressed as 

' e (!>„(», sin (oj 10- . . . (2&i) 

The virtual value of a sine function being „ of the maximum 

?r V* 

and the maximum value being - times the avgiage value of a 
half wave, file virtual value in the anove < vises is 

* . 1 TT 

h ■■■ ■ ■ X - X average value. 

V 1 1 

virtiitd value , 

I he ratio , of an alternating IvM.hiir current is 

average value 

known as the form factor , and its value for -a sine function is thus 


'Hie preceding results may usefully* be checked on the linkage 
hypothesis as follows. The flux linked with the l^op at any 
moment is 


- f UJ 


so that 


* "»• 


f r dK 

7 M* 


But ~ ~ V, the constant velocity in cm. per second, to that the 
above expression becomes 


- Lr f * 


dB, x 10-*=* (B,-B,\LV x 10'* 
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When the flux-distribution is sinusoidal, and the coifhas a span 
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x 10* = - 2B. 
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§ 3. The rttio of pole-width to pole-pitch in heteropolar machines. - 

As in tin* c^se of hom^i|X)lai machine^, when w<* pass to coils instead 
of simple loops, it will be necessary to (let ermine the best widths of 
pole and of winding ; the same principles must be our 'guide, and the 
same distinction already drawn (Chapter VIII, § 2 qu.v.) between 
concentrated, grouped antf distributed windings still holds, tyiro 
the N. amhft. |fblcs of the magnet system aie in tty’ same line round 
the armuttfre, a first condition is that the leakage of flux across 
from the edge of a pole in^o the adjuiningtedge of the next pole 
should not be excessive. In the modern alternator sinc e the magnet 
syjflern is usually inter naj t*» # tlfl» armaturc> a second condition is 
that r(K)in must He found for tie necessary exciting coils with 
sufficient copper hi them to avoid overheating. In a machine with 
radial poles of the salient type as 'it is termed {cp. Fi^. 20), the 
first condition nflghi'be partially met by thinning off the pole-shoe 
edges, but since the iftefuf flift whiclt they transmit to the surround- 
ing armature is also reduced thereby, it results in practice that the 
width of the pole-fV® is usually made less than the pole-pitch by 
at lerAt 30 percent. On the other hand, if the ratio of Jlhc pole- 
width to the pitch be made too small, the flux of each field must 
also be small, an<J the exoithtg toils on the poles will be comparatively 
uneconomical in wgght of wire or in excif ing w r atts. Ceteris paribus, 
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the larger the area gf a magnet -core the more cheaply is the flux 
obtained, since, e.g., with a round core the area is proportional tp 
the square of {he diameter, while the length of an exciting t iwi is 
only proportional to the diamdcel. ^ 

In the non-salient -poit type which is now generally /adopted 
for turbo-alternators (Figs. 234 C), the pole-face width is nominally 
equal to the pole-pitch, but .here also the two conditions are met 
by the fact that the exciting coil is distributed in slots over more 
than half the pole-pitch, so tha. bet ween teeth near its centre there 
is but a small M.M.F. acting to cause leakage, while the neighbouring 
edges of the unslolted pole-centres foiming the virtual poles are 
removed to an appreciable distance apart . A greater concentration 
of the exciting winding in fewer slots would for the reason given 
above be magnetically advantageous, but is 
forbidden by the second of thetwo conditions. 

It thus results that in all types of the 
hqteropolar alternator, the field of flux from 
one pole is mainly concentrated within some 
SO ti/70 per cent, of the pok-pitch, and the 
shape of the cuYve of, distribution of the flux 
over the pole-pitch is made to resemble more 
or less closely a sine curve — usually with a 
somewhat flattened top. 

| 4. The ratio of coil-width to pole-pitch. 
Avoidance of direfct differential action. — 
Considering a bi pilar machine wi^h internal 
revolving magnet, it will be seen that if a 
drum winding spread over the whole internal 
periphery of the armature, as in Fig. 62, is combined with the 
maximum pole-width equal to the pitch, as soon as the magnet 
is notated away t from the symmetrical position* of •‘maximum 
E.M.F. shown in Fig. 62, each side of flic coil is at the same 
time under the action of two polps of opposite sign. The 
E.M.F/s generated in the active conductors at the outer edges «of 
each coil-side will l heu. tend to tyiltralize one another, and the het 
E.M.F. from each coil-side will bj only the difference between the 
sums of tlm E.M.F/s gene At cd in the two poltions which arc 
respectively under a N. and a £. pole. In this extreme case, when 
not only fne coil-side has its maximum widtlf eqfial to the pitcl^ 
but also the pole-width is a fnaxinutm, direct differencial action 
lasts throughout the whole period. But 4 lie time duripg which 
such differential actionjasts can be reduced by # decreasing thewidth 
of the winding ; its serious atnounY can also be reduced by limiting 
the effective width of the poie-kice, or both Remedies can be applied. 
As explained in the .preceding section* the /lux is fpr other reasons 
more or less concentrated oVcr a certain proportion of the pole-pitch. 



l*io. 62 foil and jhjIc 
both of maximum 
width. 
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but the diagram serves to show that if the jitremfc coil-width be 
retained, however much the pole-width is reduced, thete must still 
remain some direct differential action. ^ 

That ; t is specially the loops af &ch edge of the coil-side which 
are inefltaivc as compared with the central tiyns will be better 
seen if the pole-width is reduced af iji Fig. 63. Starting from the 
position there shown, the E.M.F.*s of Uie,wire$ at c and d begin to 
oppose that of* tlndr respective coil-sides, and this action increases 
until the axis of the coil coincjdfcs with the general direction of the 
field (Fig. 64), when the net E.M.F. of either side and of the coil as a 
whole is zero. As rotation proceeds, tW E. M.F.'s of the wires at / and 
g oppose the rise of the main E.M.F.,but toji gradually diminishing 


b 


Vic.s. 63 and *64.- --bole width reduct'd, < oil of 
• maximum width. 

• 

extent. But the central turns at e are only subjected to differential 
action in a minor degree when the symmetrical line dividing the 
interpolar gap passes across them. Hence it is chiefly whcji a 
coil-side is wide* than the interpolar gap that all the loops are rmt 
equally active; and thefe will be comparatively little reduction' 
in the not E.M.F. if some the loops at ea*h edge of the coil are 
removed and the width of coil-side reduced. Inspection of the 
developed plan of Fig. 65 showa that indirect differential action 
is to be avoided, (1) the inner loqp a must exceed the width of 
► pole-face, so that Its opposite sides are ftever moving under the same 
pole ; and further, (3) the outer loop b i nust be of such width that 
when deducted fton? twice the foie-pitch the difference ft not less 
tnan the yidih of tHb p^e-fhee. The outer b loop will thus in a 
bipolar njichinebear the same relation to one pole as the inner a 
loop do^s to the othV f>olc. In other words^the width of a coil -side 
must hot exceqjl the width of the gap between two polc$, so that 
one coil-side may never be under tw<* poles of opposite sign. There 
will then only tye left tier small amount of differential action* due 
to the spreading oytwards of the lines from the edges of the poles ; 
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this effect can; k strictly speaking, only vanish when the coil is con- 
centrated into a single line, but in any case is practically unim- 
portant by comparison with the direct differential action whs* the 
K.W.F/s of active conductor*? immediately under a poty are in 
opposition. 'Hu* narrow^ coil to which we are thus led i#he pole- * 
width be great must Appreciably limit the number of active con- 
ductors ; and further, the greater* portion of the available space 
round the armature core on which loops could be frotind will not 
be utilized. A . Compromise ♦must thus be struck between 'the 
extreme cases of Fomplete concentiation arid distribution over the 
entire pole-pitch, Hence in aft alternators the coil-sides are con- 
fined within certain proportions of the pitch, although it may be 
to different degrees, and in single-phase alternators the spread of 
the coil-side does not much exceed one-half or at most two-thirds 
of the pitch. A h.hf nr\Jy of the armature is shown diagrammatically 
in Fig. 65 as covered with winding. 

| 6 . Undivided and ( divided coils. — When the inactive end- 
cnnnectois* at both ends of the single roil on a bipolar armature 
(I’ig. 65) are arranged entirely on one side of the shaft, then if the 
armature isvut across to the centre* along # the line X and opened 
out, the pla#» develojvd on the flat shows one single undivided 
coil containing two groups of active conductors with E.M.F.’s 
in opposite directions (Fig. 65). But this single coil may equally 
well be divided ut o two halves by taking one-half of, the end- 
connectors round on either vj<]o ,,t the shaft, as in Fig. 66. The 
same active groups are now rivaled between two separate coils in 
which the current circulates in opposite* directions at each moment 
without in any wav affecting the total E.M.F, if they are connected 
in series. When so divided, the space taken up by the connecting 
rnc^s of the loops in an axial direction is halved, as is seen by com- 
t Piling bigs. 65 and 66. I his economy of space is Specially advan- 
tageous in the case of multipolar alteruafl/rs, and the Arrangement 
is tliert'fore common. «* Die re are thei^ two coils for a bipolar, or 
as many coils as there are poles in the multipolar, alternator ; the 
outer loop of the ’divided coils a vvic^th equal to the pitch, hnd 
if the inner loop has a width equai to the polar aft\ the width of each 
coil-side is equal to half thi gap between the pftles. It must be 
borne in mind that the quest ion whether the coil is divided or 
undivided 1 * * is quite distinct from tW question^ whether the distri- 
bution be concentrated, groujfed, or \infrornfi, and whaj we have 
described as a “ coil M «may actually be composed of twft or more 
coils in separate slots ; t\g. Fig, 68 shows ait^tfadivided coj^ivhich 

1 findings with undivided coils*are called by Or. S. P. Thompson " hemi- 

tropic,” and by Mr. H. M. Hobart " haK-coRed," with«the opposite term 

* 4 whole-coiled " (or divided coils. 
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is nevertheless spaced out between two slof^ onoquartei of the 
pole-pitch apart. # f 

| Multipolar alternators. Frequency. —In' mo±t commercial 
alternators it is desired to prodi*i # a large number of alternations 
• per sect%d or a high “ frequency " of ‘JS or 50 complete periods 
per second. The reversals of the direction oi the •current are 

thus very rapid, t he flow in .one direction only Listing a small 

• • i 




l'lG. 65 - Drum bipolar alter- Vic*. d<> l)rum bipolar arm*- • 

nator immature with %ruli- tur** with c*Tl divided into 


vided coil. two halves. 

• • 

fraction of a second '(from sV.th^to i.b.tli^. If tjiv spml at which 
a magnet of sufficient ri/^to givothc required output ran be safely 
or conveniently driven is not sufficiently high to give the desired 
frequency, it is necessary, while retaining the same width of winding 
on the armatur<*reU*tiveIy to the width* of pole, to make^nore than 
fine pair of fields pas* the coils in c^ch revolution. In other words, 
the alterflator must be multipolar. If the bipolar alternator is 
imagineefto be cutdhjough, and then to beopuned out, it is evident 
that tlfe pair of pofts can be repeated indefinitely any number of 
times, if the/ are arranged symmetrically round tin- enlarged 
armature core. The fuM-Jine portiofi of big. 67 shows the alternator 
of Fig. 66 cut through on the V line \yhen till* magnet has turned 
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through a quarter of a revolution ; the dotted portion to the right- 
hand side shows a p&ir of poles thus repeated, and similar N. and 
S. poles will succeed each other all round until they/again i#r m a 
complete circle. By thus multiplying the numbers of jmirs of 
fields which pass across 1 the coils in each revolution, tly number * 
of complete waves of the E.HF. of the coils shown in full lines 
is increased correspondingly. If p the number of pairs of poles, 
each pair passes any given point once every revolution^ so that the 
number of periods in one revolution is P> and if N ~ the number 



Fio, fi7. Portion of drum armature of multipolar 
single -phase alternator with divided coils. 


of revolutions per minute, the periodicity or frequency of the 

AV 

multipolar alternator is /” p 


Hence, by increasing the number of pairs of poles the frequency 
of the multipolar alternator for a given- number of revolutions per 
minute can be raised to any required figure. The nu^st common 
frequency is 50, or, as it i?» symbolically expressed, 50 although 
in the United States of America 60 is commonly employed. The 
larger the output and size of the alternator, the slower the speed at 
which it is desirable to drive it ; (Consequently the number of pples 
required to give a frequency of 5£, will range fro^n 2 poles with 3,000 
revolutions per minute to 9Q poles with 66 J revolutions per minttte. 

But it is not only the pairs of poles which can be multiplied : 
the coils flan also be repeated for every pair pf fields, and Fig. 67 
shows by dotted lines a second pair repeated and connected in series 
with the original pair. We thus f obtain in the mult ipolar alternator 
several pairs of poles, and in a single phase as jnany coif, as there 
are poles, or with undivided coils, as many us there arc ^airs of 
poles, and each coil-side may, if desired, be distributed between two 
or nrore slots, as in Fig. 68. All the corqphte coils will in this case 
occupy at any incident exactly the same* posit iori relatively to a 
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4 magnetic field* and the phase and magniftide oj tie alternating 
E.M.F. induced in each will be identical. Ctaing toJthe latter (act 
thev can Intimately be divided into two or ihore pAhs in parallel, 
if a large current is to be caiyiad. Or they canfbe coupled to- 
gether^! series, so as to form a continuous winding if we desire a 
high E.M.F. with a small current ; and. the -total JvM.F. of the 
machine at any moment is cc^ual t«f th<* E.M.F, induced by any one 
coil multiplied bv the number of cdiK'that nre in series. By in- 
creasing the number of coils }hat ^irc in srries, the E.M.F. of the 



l u. OS -Portion <>f toothvd ilrum armature <>f multipolar Millie -phase. 
.iltiTiiatnr with umlivuli <1 <>iIh. 


altciuat <;i is multiplied while the fnqucneji is multiplied by 
increasing the number of paiis of j*>hs but whether the coils arc! 
in series m in two or m<*e parallels, the fiiachine remains a single- 
fhasc alternator. *The presence, therefore*, j>f se veral pairs e>f 
piles and coils yhen thus sepeated introduces nothing new in the 
theory of the, act ion, and the* multipolar alternator so obtained 
may be simply regarded as mad<i up of several bipolar alternators. 
Thus in singl^-phjjfse alternators the active conductors arc confined 
► within a compart ivqjy ^mall number of sharply defined coils, 
separated off from one another by intervening spaces of core on 
which •there is 40 winding. Although less .marked in the case of 
polyphase machifcfe next to # be described, this characteristic is 
still present tn all cases, and by it the alternator is to a great extent 
distinguished not only in action bift also in appearance from dynamos 
which give a*unidire£ted current. • 
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| 7. Polyp! M6 afonutors. — Since in the single-phase alternator 
file winding ally coveVs a part of the armature core, it is evident 
that an entirely distinct set of coils forming a second armahjure 
circuit might bl wound in the vgcjnt spaces between 'the coiw of 
the first circuit. Thus in fig 88, in order that the reluctj^ce of 
the magnetic circuit may be kept approximately constant, a pair 
of empty slots* occurs alternately tat ween the full slots, and could 



may be used ty feed an eiitirelv separate external circuit, possibly 
at a different pressure ; or if i ho original winding only covers one- 
half* of the armature, and the second winding is a duplicate of 
the first, as regards number and size of the wires, they may be 
interconnected to fibrin a quarter-phase alternator. The geometrical 
degrees of displacement of the two winding* will of couCV depend 



upon the number of poles, but since twice the poleyitch corresponds 
to (160 electrical degrees, and thV coils of the A windin&arc displaced 
from the corresponding coils of tip? B winding by half the pitch, 
the phase of the E.M.F.’s in the two circuits will differ by a (Juarter 
of a period, or 90°, the c onb reaching its maximum .when the^other 
is at zero. This process uiav be carried still further if the Slots 
between which each coil-side is divided occupy less than half the 
pitch ; g.g. with undivided coils it they covgrenot more than one- 
third, or with divided coils, not more than one-sixth bf the pitch, 




been largely used , and are called ii^ general polyphase machines. 
Their construction and (|?^gn*vill again be dealt with in Chafer 
XXIV and subsequent Chapters. • . 
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f 8. GoiVal sfefirfpti on of stugW-phaae dram hataropolat 

itenatof.H(VVhetl)cr‘the armature or field magnet sx'stem rotates 
is decided practical considerations of mechanic^ or electrical 
corlvenience. As it is easier fo 'insulate stationary coils /or high 
pressures, the armature Is usually the stator. The field-giagnet or * 
rotor is then internal, and carries two collecting rings, connected 
to the field winding ; the exciting current is led into and out 
of the field winding by means of brushes or rubbing‘c<fntacts, while 
the ends of the armature wii^lingr. are attached to stationary 4 ter- 
minals, Fig. 71' shows diagraming ically a single-phase drum- 
wound stationary armatsire, vtfith twelve internal poles, pointing 
radially outwards, and each wound with an exciting coil ; one-half 


of the machine is 
shown in section in 
the side view, and 
one-quarter in the 
end view, the paths 
of the magnetic flux 
being there marked 
by dotted lines. It 
will be seen that the 
total flux of lines 
forming one field 
passes, entire 
throu£n each mag- 
, net core, and bifur- 

. cates on reaching 
Fig. 72. — Two groups of coils 30° ^ one sixth the armature core 

of pole-pitch apart, (»n smooth armature. nr the yoke-ring. 

In practice the 

system of magnets would be supported from the befl-plfte, which is 
omitted in the ‘diagram for the sake rtf clearness. 'The twelve 
armature coils are a^mocted to form a single series ; the active 
wires of each coil arc shown as disposed in .one layer only of oix 
turns, although ifi inqst* cases t lit re would be a large numbel of 
turns, possibly in two or more* slots. Current is supplied to. the 
exciting coils by the brushes lb and collecting rings, while the 
alternating E.M.F. and cyrreftt is obtained, .from the stationary 
terminal^of the armature. At tin* right ha nek is jfliown an internal 
view of one-half of the armature winding lifter removal of tl?e 
magnet -system. , * 

| 9. Shape of th* Ej,M.P. curve. Tho oxafUMiapc of tL E.M.F. 

curve oi an alternator admits of great variation^ with different 
dispositions of iron and copper in field-magnet and armature ($« 
Chaf>ter XXVI), bqt the general principle? bearing on the subject 
may be shortly traced. 


Cttoiotu o 
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\ Owing Vo the gradual shading off of the fluic at the tfdges of the 
pole-pieces the rise and fall of the E.M.F. al*%ys follJwsa contin- 
uous curve and can never show abrupt change. Staling with a 
single^oil wirti side of narrow wijltfy on a smooth ar/iaturc, wjiicli 
• gives a nearly fiat -tupped wave of E.M.l^ with a normal ratio of 
pole-width to pole-pitch of 0-66, Figs. 72 and 73 diow the effect of a 
grouped distribu- • 

tion of ty'c^ and 
three such coils, f 

spaced respect ively M 

one-sixth and one- »> 

ninth of the pole- , 0 

pitch apart, as they 
would be in a threc- 
phase alternator “ 

with two and with 
three slots per pole 
per phase. Pro- 
ceeding still further, * l 

Fig. 74 shows fo a »<- 

different scale the * lv 

effect of compouiul- 
ing the E.M.F/s of 
a fc-turn coil ; the 
turns aft % space* l 
out at intervals of 
15°, So that each * Fig. 73. 'Minu* groups <•( roils 20 e one* 

coil - side act uall V # niiflh of pole-pitch iip.irt, on smooth armature. 

covers 75°, and a 

near approach is made t* practically unifoim distribution over 
half the pole-pitch. As the number of groups, or the spread of 
the coil -style, is increased, the flat-topped portion decreases* in 
width, until in the last case as the active conductors of a coil-side 
one by one come into or pass out of full actfbn, the resultant curve 
is smoothed out, am! its shape closely resembles a sine curve. Any 
undulatory effect* left in thec#ise of Fig. ^4 and seen more 
markedly in Figs. 72 and 73 is*a t|juc “spacing ripple," due to 
the spacing out of the groups. 

But a marked distinction exists between the smootjj armature 
%ven when the distgbu^oi^ is grouped and the toothed armature 
of practice m which the groups arc embedded in open or semi- 
closed slfcts. In tfce former casc,*t will be*seyi from tlie preceding 
figured hat when tfk* E.M.F. is rising, though its rate of rise alters, 
the E.M.F. ne*er decreases, and vice versd, when it begins to fall, 
it never again increasestfiuring its faff. But in the toothed arrrjjiture 
there may be ahd frequently are such marked-ripples superimposed 
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upon the mkjn .wave 6( the curve that its rise or fall is no long*/ 
progressive. V So far 'as the winding in the toothed armature is 
grouped in tVe slots, there is the same spacing effect as al^ady 
described. Bat in addition thorcjs a further effect, owing \o the 
presence of the slots, which must be taken into account , ^namely, 
the pulsatioq of the flux in magnitude or its osci/lation to and fro 
if the slots affect the refuctartce of the magnetic circuit, or alter 
the spacial distribution of t Fie lines. 1 When the slets*are few in 
number and of large dimensions, and especially if they are openrat 
ywVi * ‘the top, the iron and air 

which are presented at any 
moment to the polar face 
by tin* armature core may 
vary appreciably either in 
their proportionate amounts 
or in their position relatively 
to the pole-fact*. Further, 
the wave-shape alters with 
the degree * of excitation 
• which alters the permea- 
bility* of the iron circuit 
(Fig. 75). 

s 10. Analysis o! E M.F. 
wave into its fundamental 
and harmonics.— By 

Fourier’s theorem, as is 
Hell kuvwn, any periodic 
function, however complex 
or distorted may be the form 
of* its curve, so long as it is 
single-valued and finite, may be represented by the <t>um of a 
series of sine curves of different frequency* phase, and amplitude, 
the number of such component curves increasing with the complexity 
of the function. 2 Or expressed analytically, if y i> any periodic 
function of frequency / pt^iods pertsecond. i 

y * C+C\ sin (<ot ffl l )-f-C^sinV>i/ + flt) f C 3 sin (3 wt F®,) + ®tc 

where C v C t , C* 8 , etc., are the amplitudes of the different constituent 
curves. The angular velocify at beiag a constant r 2t r/, tot is an 
angle varying with the time, antf B v 0* 0 % et*., are the phases of* 
the different constituents. Or t^ie same expression may also be 
written as , * , i 

y = c +C, sin 2 rrf (/-}-*/,) +C, sin 4w / (/+/,) +£, sin «»/ (/>/,) + 

1 Cp. Chap. XXVI. r 

* S& Fleming, Tk e Alternate-Current Tratsforenb, vol. 1, chap, iii, $$ 2-6, 
and especially S. P. Thompson, Pynamo- Electric Machinery* vol. 2, chap. ii. 
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\jiere are the times when cach^omponeA wave first 

passes through zero. If the X axis along winch timer is measured 
divides the durve of a single period into a positive sld a negative 
half oV equal* area, the const ant •€ vanishes, and tins is normally 
the case%with alternating E.M.F/s or currents. Of the remaining 
terms the first containing sin (toM 6 X ) obviouMy pit^ses through 
a cycle of values in the same time as the complex periodic function, 
and so has t^u^sa me frequency ; the second containing sin (2a>/ -f* 0 t ) 
hasp double the frequeiKy, and.so'tgt. Hence the first is called 
the fundamental , and the res*t from the analogy of '* overtones " 
in acoustics are called the Jumnonifs of the fust term. The second 
term of double frequency is strictly called the first harmonic, the 
third term of triple frequency the second harmonic, and so yn. The 
first, third, (*tc., harmonics, the frequencies of whirl) are even 
multiples of that of the fundamental, are knuvfti as the even har- 
monics, and similarly the second, fourth, etc., are known as the odd 


Volt*. 



Fie. 75. Open circuit K.M.F. turves id 
alternator, (A) with i^odcr.ttr, and (H) 
9 with strong excitation. 


harmonics, their frequencies being uneven nmltij>les. By some 
writers the fundamental term is called the first harmonic, and,the 
terms of d*ubh\ triple, etc., frequency are called the second, thivd, 
etc., harmonic, but witR either teiminohgy the odd and even* 
harmonics have reference the multiple udiich their frequency is 
of* that of the fundamental. 

W even harmonics are present, either flic- two* half-waves of the 
complex periodic function are enfjrdy dissimilar, or, if they have 
the same shape, fhey are passed thioi^h in opposite older in point 
of time, the rise e.g. #>f the negativc*hali-wave repeating the decline 
<jf the posit ive^iali -wave, ami vice versa. Since in alternators 
successivejK)ks are faf as’possibft made of equal strength and of 
similar dktribution of flux, even harmonica very rarely occur and 
may ty^egarded 3* exceptional. In the absence, then, of even 
harmonics the; general expression for an alternating £.M.F. or 

current becomes • 

• • 

y — Qsin (co/4-0i)-f£, sin 0,) sin # (5a>/-F 0 s )-f , . , etc. 
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If 6 *** tan* 1 so thM. cos 0 


r 1 )jr,'i 
by \ig 


: and sin 5 « 


it follows by trigonometry that . 

V A* + £ 2 sir*(/i -f- 0) — A sin /? + 23 cos /? 


B_ 
Va* + B* 


Hence if lor L'i abo\e h # sflbstituted VA x * + Bf, where 




w tan 0 l( the first ten in m&y also be*rtrsolved into the J*Mm of two 
terms, A x sin cot -f B x cos a>t ; ^padogously, t he second term becomes 

A 9 sin 3 cot 4- B a cos 3o>/, where = tan 0 *, and similarly for all 

the other harmonics. This simply amounts to a statement of the 
fact that if any radius vector as C\ is resolved into two components 
at right anglhs to each other, and one of these components is so 
chosen that it lags # by [lie angle 0 X behind C x , the instantaneous 
value C t sin (cot ( 0 X ), or the projection of C\ on the datum axis, is 
equal to the sum of the instantaneous values A x sin cot -{- B x cos cot 
or the projw'tiofis of /lj and B x on the same axis ; or, when plotted 
by rectangular co-ordinates, Mie curve of C x is at any moment equal 
to the algebraic sum of the ordinates of the A x and B x curves. Thus 
each constituent sine curve of the complex 'periodic function may 
itself be resolved into a pair of curves, a sine and a cosine curve of 
the same frequency, and the general expression for the alternating 


function becomes-* 


y •--- A x sin (oi /l a sin 3 cot + /l fl sifi Scot j; . . * 

B x cos cot + B d cos 3c ot + B & cos Soft + . . . * 

It will now be seen that all the sine components pass through zero, 
and all the cosine curves reach their maximum at one and the same 
time, and the reason for making this transformation is that in this 
forpf the sine and cosine amplitudes A and B for *iny # particular 
harmonic are readily obtainable either l^y r analytic oi^ graphical 

methods. One of the quickest methods is that given by Dr. S. P. 

Thompson (loc. nt., or Electrician , vol. 56, p. 78), based on Runges 
method, and a convenient schedulp for practfcal use on a similar 
principle has lx?en giveii by A. K. Ctayton 1 ; after determining by 
either of these methods the faluks of A and B far any harmonic, 
they are easily recombined, and the phase relation of lag or lead 
determined for the harmonic from the typical Vela^ion 


VA t * + B x l sin (^<ot + tair 1 ~ C\ sin (a>t'+ S x ), 

* •* . / ^ 

r 1 Journ. LE E., vol. 59, p. 491, where the dcgAe of accuracy is also 
investigated. A set of tables on a different method is giVen in Electrical 
World, and Engineer (vol. 43, p. 10J4) ; cp. also fi. Beattie (Electr., vol. 67, 
p, 326), La Cour and Brags tad, Thtory ani C Sedation oJ t Electric Currents, 
pp. 195 ff., and P. Kemp, Supplement to vol. 57, Joxrn. I.E.E., p. 85. 
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\ When an alternating E.M.F. (or current#) 
monies is resolved into a Fourier series, it 


urrent*) with My 
Ties, its virJal 


f odd har- 

or R.M.S. 


VJ,C,‘ f C,’ I C 4 * -t- . . .) r B,* i A,* -) B,* . . .) 

i.e. the square root of half the sum of the squares of the amplitudes. 

If e - Ci sin Uot -f 0,)* b C3 sin (Mot 1. 0 S ) l 

# and 1 Di sin {a>t (f> } ) - 5 P^in (‘Mot \ fa) \ 

the aveiage power or mean product of simultaneous values of e 
and 1 over a half-period is the algebraic stun of the jx.iwers resulting 
from the fundamental E.M.F. and fundamental current and from 
each of the harmonic K.M.F.'s and current's, i.e. half the^um of the 
products of the amplitudes of similar order with due regard to their 
relative phase-angles (0j - fa), etc., as in Chapter VI, § 13 ; i.e, the 
true watts are 

C,D, CJD, 

'V' ros (V fa) d o n,s ^3 fa) i • w • 


Wien further lesolved infrysine and cosine terms, with the typical 
relations -{- Bj* ■ - C,, and Vjf -| K,* D, w Muse several 

sine and cosine curves are in phase, and the mean power is half ^he 
sum of the products of the amplitudes of similar sine or cosine terms 
taken impairs from each expansion, i.e. ^ 

^A,J, B.IP, A A B,K, 

. j+.T' 1 ' 2 " \~T f • • • • • 

In order to analyse with considerable ac curat y the E.M.F. t urves 
of alternators, it is often sufficient to determine only the funda- 
mental and the harmonic** of triple and quintuple frequency, those 
of higher frequency forming but a small residuum. The importance 
of such analysis lies in # the fact that the determination of the fre- 
quency of the principal components whose amplitudes hear an 
appreciable percentage reftio to that of flie fundamental throws 
fight on the causes !o which th^distoithai of tin* wave-shape is due. 
Further, for exhaust ivc«sturiy *i the conditions in an alternating 
circuit it is necessary to consider iy»t merely the equivalent sine 
waves for E.M.F. and current, but also the several effects and 
powers from tl^ fundament abound harmonics, 1 esjxx ially if capacity 
•is present and resonance may occyr. 

The distribution of the flux over the pole-pitch is seldom itself 
so exactly sinusoidal that on the assumption# of perfectly constant 
speedrwhich is vVy nearly attained in practice, it will give a 
sinusoidal cuiVe of E.M.F. Harmonic terms are therefore required 

1 Cp. Stcinmoti, A lit Aunmg* Current Phenomena, chaps, xxv xxvii (5th 
edit ). , 
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in order to eJtaress th$ # actual curve of K.M.F. ; eg, a flat-toppe<y 
curve requires!! triple and quintuple harmonic in combination with 
the fundament\ in order to express it even approximately, + 

| lx. The E.M.F. of the heteropolar alternator in terms / the 
fnndainentai and harmonies of the field.— But not merely <*n the 
fundamental and harmonics of the K.M.F. wave be found : it can 
itself be expressed in terms of the fundamental and harmonics of 
the flux-curve of the field. ‘ r 

Since a single conductor givc^tfith a sinusoidal field 1 an instate 
taneous K.M.F. of L VR 9t maJ , sii uoj / 10 * volts, a second conductor 
displaced from the first, say; in another slot, by an electrical angle y t 
(also reckoned on a basis of 180° one pole-pitch) will similarly 
give an instantaneous K.M.F. /, l max sin (o> e t } y t ) Y, 10 *. 
The algebraic \um of two sine curves of equal jHTiodic time and 
amplitude, but dispfAwi, from one another, is shown by simple 
trigonometry to be another sine curve of the same periodic time, 
displaced in phase from either of its components and having an 
amplitude wHch'is necessarily less than twice that of either com- 
ponent. Although there may be no direct differential action under 
a pole-face, this reduction in amplitude is due to the two components 
not coinciding in phase, and may be expressed by a differential factor . 

How since the component K.M.F.’s of a number of conductors or 
coils traversing a sinusoidal field are all sinusoidal, by an extension 
of the same proc- s of compounding sine curves the resultant 
amplitude as compared with that due to oite conductor 'multiplied 
by the number of conductors in, series in a please can be readily 
calculated mathematically, as will be d: >wn in the next section, 
and later in Chapter XXV. They can be added as vectors graphi- 
cally or by trigonometry, and in relation to a sinusoidal field there 
is no difficulty in determining the value of ‘the resultant differential 
factor for any number of slots or coils or for any kind of winding. 

'Considering the total number of active conductors which form a 
path in series and yield* one combined pjiase of K.M.F., they may 
be divided into a number of belts or sheafs, each one of which 
corresponds to one pole. Let i be thv number of active conductors 
in one such belt ; i.e. in the drum cpil if undivided; / is the number 
of conductors in one coil-side or the number of turns in the large 
coil, but if the coil is divided into two halves, t is equal to twice 
the number of turns in the half-coil, i'hus in Fig. 65 or Fig. 66 the 
belt corresponding to one pole consist s' of six active conductors, 
and this is formed either by the single coil-side or by the adjacent 

1 The field is here provisionally regarded as " steady," or of cohat&nt 
•hap© in time, although strictly this would only be true for a smeoth armature. 
But th© conclusions deduced from th$ steady field of the smooth armature 
apply in the main to the toothed armature of practice, so that for the present 
elementary treatment the relative displacement of the conductor© is spoken 
o! as due to their being placed in different slots. 
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sites of two divided coils. In the drum alterfytor whjfh from its 
prabtkal importance is alone being considered fyere, tlfr duplicate 
belt of active conductors forming the opposite coil-si lias also to 
be centered at the same time. In addition, therefore, to tlv* differ - 
• ential actjpn within the belt forming a coR-side, whether the con- 
ductors are grouped in two or more sk>t$ or are umfoi mlwlistributed 
over some fraction of the pole-pitch, there will be a difference of 
phase bctwwgi the E.M.F. ’s of the two coil-sides* if the mean pitch 
v' baft ween the two belts is less t han't he full pole-pitch Y (Fig. 60). 
Thence there results a further* reduct ion in the amplitude, which 
must be taken into account in the differential factor. 

'Hie instantaneous K.M.F. of two belts coi responding to one 
pole-pair may, therefore, be expressed as 2fLV k 4a B tt w# *sin (x>J 
X 10**, where k is the factor expressing all the* effects of 
differential action and the subscript letter s sonlS to keep before 
the mind that a sinusoidal field is alone under consideration. Further 
in the whole machine if there are p pairs of poles, there are p such 
large undivided coils or p pairs of divided coils, situated ^similarly 
to one another, ;yid therefore in phase Vith one another ; these 
again may f>e divided into q parallel paths, where q may be one or two 
or any whole number <»f which /> is a multiple, that 4 he E.M.F. 


of a phase is due to r coil>. Finally if A 1 ** be the number of separ- 
ate phases 4§7), and / he the total number of actwe conductors 
counted all roifiid tin* armaPure periphery, the number of conductors 

/ 

in one belt* corresponding {o a poll* is / - The total 

* ^ pA “ P 

instantaneous E.M.F. of one phase as due to a simple sinusoidal 
field is therefore 


p 2/; 

: — y — - 

7 N«.2 p 


/- vkji. 


sin o)J X 10* ’ 


time being reckoned from the instant when th<*axes of the roils are 

• ’ , f , rrDN 

in line with the centres of the sinusoidal fields. Since v , 

% . . * 60 

where D is the diameter in cm., * f 
' , = (irDL ^ x 10- sin u>J . •. (26) 

* • f • 

= c . sin <o,t volts 

* * 

where c is dke constant within the bracket for % a given machine. 1 

* *• 

1 Although it has^ibovc l;een supposed in deducing the formula that there 
is a whole number of slots pej pole, so that*each succeeding pole pitch i$*a 
repetition of the first % this as<*irflptiifn is not essential when k 4t is adjusted 
to suit a fractional number of slots per pole. 



CHAPTER IX 


m 


As alreaty stated tl le flux-distribution under the pole of an alj(fr- 
nator is seltom st/idly sinusoidal, but whatever the shape of the 
fluX’density^urve, since it is single valued, finite an$l cycli^it can 
always lie resolved into a Fourier series of sinusoidal w^ves, the 
expression for the flux density l«*ing thu; in general 4 

H §1 sin (& 1 0,) f li„<, in Ci-a-l 0,) \ R„ sin (S a I $,) l .... (27) 

No even harmonics art- [indent in* normal ease's, andjthe subscript 
numerals indicate respe< t i v * ']p -the fundamental and higher uneven 
harmonics. * ' 

Nowall that has hern »aid ofrtlu* K.M.F. due to a simple sinusoidal 
Arid is equally true of ra< h sepaiate sinusoidal component of the 
actual jnmplex field,* provided only that k Jt is given its proper 
value appropriate to the nth liarmonie, and this will now he sym- 
bolized as k in . Che total instantaneous IvM.F. of a phase is 
therefore 

t. C Jft„ n tl sin (mj t 1- fl,) !- A-., /*„, Mil (IkuJ I- Oj) 

* * l U/f.-.Mu (W 1 0,) ! ■ ■ j • (28) 

'Hms the K.M.F. m a single coil hum/ he expressed as the Mini of a 
numher of Components due to the several sine waves of the flux- 
Mensity, and in a phase as the sum of the sinusoidal components of 
the K.M K.*s of t lit* mils. In either case any component may Ik* 
represented hy^i vector or rotating radius of length proportional 
to the amplitude, whose projection on a, time avis w#\ measure its 
value at any instant. 

f 12. The addition ot vectors an<J general exprwAon tor the 
differential factor. -The addition of a numher of vectors, each of 
the same length and displaced successively iiom one another by 
the same angle tp enters int «> so many problems in connection with 
f,he design of both continuous-current and alferngting-current 
• machinery that' the subject will first U' introduced .in a general 


manner. t 

If q x vcctots, ea» h <>f length e a nfl displaced coiimh utively # by 
the same angle y, are drawn either end to end or radiating fr^m a 
common centre aftei the fadiihn of Fi£. 76, the sum of their pro- 
jections on any two rectangula/ co-ordinates or axes at right angles # 
to one another and each justing through the starting point of the 
first vcs\or or through the centrfrO from wWhrthey radiate, will 
yield resptvtively the twit series * , . ^ • 

• [sin a f sin (a \- y) + sin (a*f 2y) f- . . . -f sin -Mft - 1) y|J 

9 C W ) n V V 


mu Ja d- Wi- 1) 


<Yi 

sm 2 


( 29 ) 
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^nd # (cos a+cos (a + f ) +cos a -f-2y) + co% J 

cus |a+ Sin ?, ~ J 


<*!-»> yj] 


Here a is the angle of displacement gf thu fust vector hum the axis 
upon which t]ie o^ine series p measured, the ;*ine series giving the 
projections on the second axis at right angles thereto, and y may 
be positive or negative. The sumhiat ions at instated at once os 
they are to be found in standard, works on trigonometry, and by 
inserting various values for a or y, the special forms required in 
practice are quickly found. 

Usually the maximum value of the victoria! Mini mjx>iftt of time 
is required, given by the projections of the jpoinpournt rotating 
victors or of the closing vector of the polygon upon an axis of time. 
Just as in a c1<h k diagram the projections <jf the rotating radii upon 
a veit seal axis of time give their mstuntajicnus values, so also the 
projection of the closing side of the jK>lygon if rotated about 0 
gives the instantaneous valui^of the sum. l ; or this to lx' a maximum, 
it is evident, when </, is-uneven, that the central vector must coincide 
with oi be parallel to the vertical axis by refeience To which tiyie 
is measured, the remaining vectors being paired on either side of 
the centra! vector (Fig. 7b, i), while if q x is even, they must he 
placed sV’ ny.netrically on either side of the veiticaj'nxis (Fig, 76, ii). 
In these circumstances, making use of the sine series, the angle a 
by which the first vei*tor is displaced from the horizontal axis Incomes 

77 y y y 

{q x - 1) ,y . Since sin q x , - and sin are constant, it is obvious 


from (29) tluMhe Mim is a maximum when sin (a j (q x l, 5'j is 


• • 77 y* 

a maximum, and that this is a maximum when a • 0 - (q x -* 1) 

• % l l 

Mms, at the chosendnstant when the vectorial sum is a maximum, 
it! value is * 


<h n 


(>r, makftig use of the cosine series on the same vertical axis of 
time, tlj^ angle a by which the first vector b> displaced from it is 

“ (ft “ 1) 2 • aiu * cos + (?i - ' 1) J j 1=1 cos 0° «=* 1, mi that for 

the same instant the* «*amf result may also be reached *from 
expression (30)* 



m CHATTER U ( 

H the ve^ors are jfeired as mentioned above, with q x uneven ari(l 
a central vcttor giving its full effect as shown in Fig. 76 , i, then at 
the chosen i\tant the vector sum is 

OA \ UH | % >HC j ... 

1 • 1 1 ■('••cos V* 1 \ ilt.os 3 y j .... I 2 cos (q l - 1) ~ j 

With <7, even, their* is no ventral vector, but when are paired, 
their sum falls on the line bi^cimg the angle between the ceiUral 
pair and is * • 

20,1 f ‘11 H | . . . 


. e ( 2 " ,s l 


: *V’ 

o 


J 2 cos 


</» ' I 



n % t 

Either of the above two series is theiefifce the equivalent of the 
preceding series aiul can be shown to b* equal to 

* * l 

V V'> 2 

> ' 1 r 

which is the ratio of the vectorial sum to the magnitude of a single 
vector of amplitude e, Hut the arithmetical sum of the amplitudes 
is <06, so that the ratio* * 

* # • 

• . •* .■ V 

. vectorial sum of the amplitudes 2 


arithmetical sum of rtte amplitudes w 

<h'* in^ 


( 32 ) 
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5 * * 

‘5Jie virtual values, as for an alternating E.Xjfj\, Muff in each case 
proportional to the amplitudes, the same ratio is t/e differential 
fai /rr for sujusoidal F.M.F.'s differing in phase, caressed an its 
most general form. * 

Hit- s n me expression is also reached f»y anojhei method which 
is often employed in considering* t^ie subject. As it brings out 
additional features, it is also h»*rr giwp. ^ In Pig. 77 it 0 be half the 



angle subtended at the centre of the « ii« 1«* o! ladius R by the vast or 
<>^ length AH, ami tlicro ar< f ?, virtor 1 -. t in* ancle Aob qj! Then 

• Ah ,|V 

* At) '2I<; ""1'* 


A a AH . 

* sin 0 

4 \(> 2f\ * 

, * AJ: ' sin q/0 

j A H sin‘0 

But ihe arithmetical sum of tlm vet tors is q\ times A H. Therefore 
the ratio 

v#cty>ria^| sum sin q x 0 
arithmetical sum q l sit\lj 
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But, as sho4n it thfcsid* of Fig. 77, the angles OBA and OAB a jfe 
each equal tiir/2-^/4 ; the remaining angle BOA of the triangle 

is therefore eqjial to tp, and 0 *» y/2, so that 

* * 

® V 

< vectorial sum s,n ^ 2 

aritlirfu tinil sum w 

' <h sin 2 


When q i is very huge, midi) < <>m»,potidingly small, foi q x sin 0 
may he written <} X Q. In the liny ting raw* of an infinite number of 
vectors subtending very small angles, which corresponds to a winding 
perfectly uniformly distributed over some are of the bore, it over 
an angle*^. (he ratio Incomes 


viVtoi.al sum 
ai it hinet i< al sum 



where x * s now the angular width m Indians of the*l»elt over which 
the winding is uniformly distributed. 1 This iatio is also equal to 


(bold 


for 


nr*: of x 

~w 


Ah 

s,n 2 R 

m •lefore in this 

differential fa« top 


chord of x 

>perul case 


and 


sm x 
X'> 


12 


< hold 
„ JL - 


radians 


(32,1) 


The general expression (32) will be applied later (in Chapter 
XXV) to determine k tn in definite cases. 1 One further case, 
elementary in nature*, but of fundamental import ;yire, must 
Jiowevcr hen* be added. The IvM.F.’s, in the two .sides of a 
drum coil are in phase, so far as their action round the coil ns a 
ir hole is concerned, when. a> separate* vectors, they are exact jy 
opposed to one another an electrical angle Vf 180 -- rr radios. 
If, therefore, the mean pitch of Ku* coil-sides oi**he eoil-span when 
expressed as a projier or imyroptr fraction of thu pole-pitch is 
the relative displacement of the two vectors of the* coil sides for 


1 For the functions .uul — u the * Into Prof. S* P- Thompson 

<i i f x fn\ «i * 

(/owr«. I K./? , vol. 5 a. p. 2 V>) proposed the iwmw “ cursine “ and I perune," 
And that they should U' \y.tten ** cursin <1 *' and " f ^ 

• Much t v*luAbU*. information on the vectorial treatment of K M.F.’j in 
l»oth alternators and continuous current machines is given in The Skat h 
of tka Yrtstur* H*ow in KUctruat Markitury b* S. Y. Smith and K. S. If. 
Houldtng, y,/, fi.fi,, vat. * 53 , p. 228 . ana Tkstky of Ai'*Mhtr* Windingt, 
by S. P. Smith, JJ.EM., vol #5, p. 18. , 
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insertion in expression (32) as y is rr( 
coil -span differential factor is tor the 
# >inir(l-i) 

ft #i * 

2 mu . T (1 ~ K) 

or in griietal toi any older n of harmonic 4 

• • rr 

# k l« - «' ■**•' » (1 /J ^ ' " s « #> • (33) 

wheie t is the excess oi defu ieii< V hy which the coil pitch diffeis 
from the pole-pitch, and the K.M.F. s of the two sides dejiart ftotn 
synchronism in phase. As Fig. 7S shi»w>, the two sides OA , Oil 


A 



Jo... 7s. l‘st*h (hilerenti.il ( ilnini i<» l 



being equal, and the two angles OAIi, OHA each of vahfe 
(1 - A^), AH 2 lit' 'loll cos tf 7 (1 - A ( ). 

| 13 . Resolution of tbs field density into fundamental and 
harmonics. - At no load, the curves of liux for each pole-pitch being 
not only similar hut svimnetriral within themselves about their 
middle ordinate, no cosine or H terms are required, all harmonics 
having a phase of 0° or 1 HO'. The no-load flux curve 1 will 
therefore be expressible as 

sin a f H e j sin 3a j B 9i sin 5a j (34) t 

Fig. 79 shows how closely a fiat top j>ed curve is reproduce] with 
luyinonics of only triple and quintuple frequency, the equation to 
thc*curvc lx*ing in percentages ^ > 

y = 100 s*u a | *20 sin Mi -{* 3-5 sin 5a (35) 

• Under load the resultant flux-cum. ? l>e( omes distorted in shape 
and cannot be so simply expressed.* An approximate curve com- 
posed of only a lew terms is slfown in Fig. 80, its equation being 
# • 1 * * 

y ^ sin a f ~ sin (3a 45 ’) , 

V ‘ •« i ■ 

„ - .sin (5a + 45 w ) - ^ sin (7a + 90°) # 

1 Any one or m{*re of tbi fanAomc amplitude* etc., may Itaclf 

be negative. 
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or in 


perc4ftta$e* *’ 

. 100 Vn a t 11 1 sin (3a f 45") 

' 4 sin (5« f # 45 ) - 2 04 sin (7a # f 90 i 


Here a is measured frofu the origin of the fundament ah but the * 
resultant nr»ve is ‘found to passthrough aero at - 16 °, so that when 



• f 

# a*is measured fioiu the origin of the rpMiltant <mve, the same 
equation heeomes 

v (\ mu (ft { 0,) i (\ sin (3a 1 * 0 3 ) r § . . . . 

100 sin (a • 10') *| 11 1 sif; (flu l 45 4 8 ) 

4 mu (5a }- 45^ %') 2-04 sin (A-i 90 112) 

™ 100 sin (a l 0‘) f lid sin (3a j 402 ) 

* 4 sin (5a 4- 37 ’) 2.44 sin (7a*4 7^8 ) 

Hie amplitudes (\. (\ . . . *un tin ft b* resolved ydo A and 5? 

terms, by the relating .! t ~ G t cos 0 t . K, “* C, sin 0^ /1, - C t 

cos 0 3 .... and the equation beeomes ,* \ 

y 99 90 sin a { 8 48 sin 3a - 3 19 sin 5a ~ 0 386 sin 7a 

t - 2*79 cos a f 7 185 cos*3a 2*4 cos # 5a - 2 00 cos 7a (36) 

in which form it is mote readily applied to practical calculations. 
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| 14. The TOtual E.M.F. in tanui of Ufa) tanfertatal at Um 
ffhnkntity com. The full purpose and 'advantage of such a 
division of* the E.M.F. into its sinusoidal compo^itts, and its 
extension to the case of an alternator under load, must be left for 



dis< 'UsMon at a Jatei Mage. Hut plot ‘reding theiefiom the victual 
h.M.F, of M hr •phav* ix » 

a . )‘ • MS • MS > 

4 V " \ 

* <*.,/<„ / , /*a-^.y . /*’» m* , 

% 2 ^ • \k n .Hj 

Taking the highest yalucs for H §1 and li 9U that are likely to occur 
in practice, viz.; ±_ 24 per cenf. and | 10 jht cent. resjt** lively of 
B„. it can tl^en be sl/owx 1 that with the values for & rt awl k A , etc., 
given by fiormal three-phase windings, the value for the radicle is 

only slij^it 1 y increased above unity and X hat there is but little 

• 

1 See " Note on the Csc ol the Fuiulasnmtal of the flux Curve in E.M.F. 
Calculations.” by S Ncvihe, in yaf/tti on ikt J>rugn of Alternating Current 
Machinery, by Hawkins. Smith, and Neville (Pitman A Sou*), p. 138, 
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Vi '• 


error* in idtrUifyiiig' JE» with the first term only, 

wdiich is the v^tual Ji.M.F. from the fundarm-ntal only" of the flux- 
density wave. Hence within the* limits of accuracy requ/ed in 
practice, the higher Imrmtmic, have so little <ff.<t on tin* virtual 
H.M.I". of tlit phase that .wr may say 

*• - v-i kJt >' 1,1)1 x '• • • <f) 

which should be compared with equation (5a) forth* average torque. 
'Hu; area of the fundamental of flu- flux curve, m the fundamental 

Hux taken out of the Vomph te (l) a ( 

,, T t [) 

s<i that * li 9l l)l./f>, and in trims of <J>, 


i> B $i YL, and 


2p' 


/ 


* w ' v "" 


|3J«> 


where Fsthr fuiin factor 


... .. r , • vii tual value 

t/1 tin F#V1 r. wave 

average valuta 

Hje last rquiftitm should be compared with equation (5 d.) 

ft must here he sjH-dally noted that if the total flux d> # is inserted 
an<l the value k t y appiopriate to a sinusoidal field is retained, a 
greater error i.witrodured than occurs with the ah#,*e close 
approximation. 3 4 * 

| 15. Th« E.M.F. equation of the heteropoia? alterna to r in tenm 

of the total flux. The fundamental cquAtion i.f«th«* E M.F. induced 
in the at mature of a heteiopolar alternator can, however, be given 
in another equally important form, which covets in one term the 
effect of different shapes of flux curve or K.M.F. wave. 

, Wsing tlu- same symbols as m Chapter I V, § 6, the Average density 
of the flux cut by a conductor is k B, m J, and its averhge E.M.F. 

X lO*. The gross average induced by the two 

Ixjlts of a complete coil of t turns would therefore lx* 2 ikB 9m „LV 
X 1(K 1 his average K.M.F. vy>il^ be % practically realized lif a 

toothed or tunnelled armature wi(h concent rated* winding, the wires 
Of each belt being then wound all in the same slot' or hole, and the 
mean pitcji of the belts being equ|- to the pie-pitch. But with 
grouped or distributed winding, a distinction must tx> drawn between 
the gross average value of the K.M.F. of itll Ae conductprs on the 
supposition that there is no differential action at all betwwn them 

\ 

1 Even when the 3rd harmonic is not eliminated' from .the line-pressure 
by * star " interlinking of the phsu** of a three-phase alternator, the above 
statement is true; still smaller iOhe error, wh*n it is eliminated. 

» c • * ' • , 
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and the mi *v*ra§$ E.M.F. which is the arrthmeticaU^mean of ail 
tffc instantaneous values of a half-wave of the actual £.M.F. The 
latter is lesg than the gross average obtained on tlfc supposition 
that edfch act ive conduct or always assists every other, by some amount 
depending on the extent to which the E.M.F. of some conductors 
is at times neutralized or lessened by that- of others., As already 
shown in §§ 4 and 11, there must oe mine differential action as 
each belt parses across the neutral line betwtvn two poles, and 
esprcially will this be the case if tin; width of the belt exceeds the 
width of the gap between two neighbouring poles of opposite sign. 
Again, whether the width of the belt be huge oi small, there will 
be differential action between the two belts unless their mean pitch 
be exactly equal to the pole-pitch. The efitat on tin* average 
E.M.F. must, therefore, be discounted by multiplying the gross 
average by a certain differential factor, or as it i. also ( all«*d " wind- 
ing factor," k d< which is analogous to k d$ of § 11, but is not confined 
to the case of a sinus* tidal field. 

Tlie net average E.M.F. of the single undivkM 'oil as a whole 
is then kj . k . mat tLV x Kb*, and the net avnage E.M.F, 
of the pair of divided t oils which is the exact equivalent of the single 
large coil i> of course the same. The value of h d , or the ratio of the 
net average to the gross E.M.F., like that of k Jf , will depend upon 
the ratio of the pole-width to the pole-pitch, upon the spacing of 
the shUs »n whit'h the conductors of a belt are wound, or the ratio 
of width oi coil-side to pole-pitch, and also upon the mean pitch 
of the coil-sides, whether equal to or a fraction of the pole-pitch ; 
while it may approach un»*y\ it must always l>e less than 1 if the 
coil-side has any width. 

The shape of the instantaneous E.M.F. curve of the rml still has 
to be taken into account in order to find its virtual E M F. as given 
by the squire i >ot of the mean square ; for with the same average 
value the E.M.F. curve nay vary greatly in form according to the* 
density of the lines in the air-gap where they are < nt by the wires. 
U< k, -■* the ratio which llie square root of the mean square bears 
to#the mean ordinate of the E.M.F. u*»ve, it , value being also 
dependent upon the relative widths of < oil and pole ; tlien the 
virtual E.M.F. o l the single individual coil or of the pair of divided 
coils is 


h, X 

and k f 


the net average E.M.i . k f .k d .k 2 B 9 m€9 (LY x 10’ # 

virtual E.M.F . t , , 

» T » • g „ is the form factor, since it vanes with the 

average E.M.F. 


shape e form of the E.M.F. curve. Tin more peaked the curve, 
the higher the form tact or. 

As in § 11, there are in a phase p melt coils which may be divided 

t • Z 

between q parallel branches and t « ^ — 0 ~. The virtual 



168 


vtiAntit /f 


E.M.F. indii'wkin oqe plus* of the armature winding is therefore 

-A •• 7 ■ 


k *-bkB, mmM s ' y IV a 10 *• 

• Y ^ ■ “P * j 

A, Ki ■ Ht, » v 7 „ / ' nl>L :< Ur* volts (38) 

• <V M Ji 

The reava* for tin* rctentioA of li 9 m4f m th<* above »quat»on in- 
stead of wilting 4v m *| >l;fre of & tt 9 m4K t« tli.it m pi.etue the 

nJ)L 

average dematy .and total ^lu\ oi a p.k-ptMi A- mttt - 

Ip 

cannot be great lv inoclitnM exempt bv alteration of H 9 m4e . so that 
the latter i*> really the limiting faitor and will prove to give tin* 
greatest ,miount of information in the pine esses of design, lire 
interpret at iifti to he put upon H 0 m9M m the east* of a bathed armatute 
will he explained ift Chapter XVI 
rrlU, 

Sin<e*l> # kli 9m9t , (Miaptei IV, § H), ha A H trn4e hrl) 

rr 

may he ’Jhbstttutrd 2/><I> and in term- of tin- total flux of 
a pole-pit* h, the virtual 1'. \l F m.iv .d >o he rxpr*vs. d ;o 

which should he compared with equation (5<r). or un.fTng the two 
factors A f and A (< into one joiyt x enrfltcimt K , 

. / /».V • 

K.H\\ \ - ' • IHV • m) 

A„ a .7 trfl 

PS / 

Herr • , ; is the freemen* v of the iim< tiiur, and ■— is the 

/ «i . . Vv 

aminher of wires m series in one phase. a general tyle, there is 
only one path in ra< h phase, and </ 1. Tin* numerical value of 

the must «uit K will vaiv with the shaf>e of the |>oh s as affectiijg 
the distribution of the lines and jd>o with tin* ty|x* of machete, 
yet in the main it depends u|H>nfhe nUtovt wtdlhs of the coils and 
fields as compared with the fk’teli*, certain general cast's may there 
fore he taken which will serve «*s guides to pi act ice. and in Chapter 
XXV, the values for such caVs will he tabulated. U the distribution 


% * rr * * 

of the field were, in fact, sinusoidal. k f ~ A^bemnn^ identical 

2* • ~ v ~ , 
with A*,, Ait # ,im * ^uations fl(}8} and 

(38a) reduce to equations (37) and (37a). « 

1 

1 tn many tiribks tfic numerical omstAii 5 14 likewise thrown into the 

combined coethcient. which then t«omos for a sine curve 2 22. 

* 
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If the E.B1F. equation of the alternator Suits kill'/ developed 
forms be now compared with the fundament al equation (7), it will 
lx* seen that ^eh of the three variables still finds it /appropriate 
equivalent ; instead of the density time m>\v ap|H*ars the total 
* dux of ora* held <!>*. the simple length of ti»e one active conductor 
ts replaced by the total number of jviio /, and the* vehrity of 
movement reajjjcars in the number ol Resolutions. 

Again, if the expulsions (5c) and (5/) K.i t In avnuge torque in 
\v.»tfs |K*r lev. per mm. be „ multi} toed l>\ \ ami divided by 

/ *V»a • V« the induced K M F. pel phase no essanlv results, so 
that the same expressions have alieadv *h«vn ltnplic it 1\* arrived 
at m ( haptei IV bv another route which pi » needed fiom the 
fundamental fact «>! the torque. • 





CHAPTER X 


H J . ! I . K< >00! AH ( ON T I N t‘< >r S f C K R h S f I 1 VSAM 0 S 

« ♦ 

| 1. Continuow-current jnfchiim o( CUum U requiring a commu- 
tator. Font inning with thr heteiupolar machines whfrh form our 
main subject. w<; pas> to t lu* 1 d gn at group, viz., those which £ive 
a continuous or <lin*< t current, in tin* external circuit. Since the 
IvM.F. induced m each armature coil burned o( !<w>p» alternate* 
in direction, hut th«* germinal voltage is now required to be uni- 
directed, some form of commutator develops] out of the simple 
split -ring of lug. 15 must be present. Thus by the addition of a 
commutator, the Ifbteropolar dynamo is as it vv»*re artificially made 
to yield a uni-directed voltage at the terminals, and by projnr 
design as is now to be explained, t lii n voltage can be rendered 
practically constant, so that it becomes a continuous-current 
machine. 

The purposes to which such marlines ran be applied are so 
numerous and so important, that they are used more extensively 
tlran any other class of dynamos, although not built in such large 
sizes as alternators ; whether it be for incandescent lighting, 
charging accumulators, motor driving and transmission of energy 
over moderate distances, or elect m-depoxit ion of metals, they 
can be used for all, and are wqll suited for most, purposes, while the 
voltages for which they are made vary from 5 to 3,000 volts. 
Although delivering a direct current to the external circuit Iwyond 
the commutator, yet internally they remain essentially alternators, 
Th^ir characteristic features will l>e found to t>e intimately connected 
with the nature of the winding of their armatures. In ail cases this 
‘forms an endless helix which is dosed iqx'm itself, or " fe -entrant/* 
as it is termed, independently of any. connection to the external 
circuit. So iuqvottant is this fact and its consequences that they 
may be specially regarded as machines having a close J-cirluit 
armature winding, although such a type of winding, as will be seen 
later, may In* and often is employed in hcteropolar alternators. 

| fc Neoessity tor ahorWirctdtiiy a ootl. .Since the voltage of 
machines* belonging to the present group is to be steady and free 
from fluctuations, it is reasonable to try the effect vf placing two 
or more coils on the arivature in positions which are not symmetrical 
relatively to the pofes^uo that when one coil is^iving its ttaximum 
E.M.F. and another is approaching zero, the crest of the one wave 
may be added to the hollow ofothe other. We have, therefore, first 
to determine how tju; E.M.F/s of such cods can he combined to- 
gether, their connection wifh the external circuit d>eing At ill reversed 

170 
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at the right moment when the direct ion of Hu* K.4CF# induced in 
thtm changes. Next, and most important*, ^his must be done 
without opening or breaking the entire circuit. effect this, 
whenever a cbil i* in the posit i<*i of reversal of K.M.F. Jutm-en 
t wo adjacent poles, it is s/ior/ -c inuitcd on rtself. If each of the two 
brushes of Fig. IS is made to towh both MetoVs of ^he ^plit ring 
simultaneously at the moment of releivti, the cud is dosed upon 
jt>elf for a short turn* through tfir brush, and tl^ allows the cunent 
pi e^'ioUsly flowing round the coil in ^he one dim 1 1 * *n to die away, 
ami a current in the rcVi-rM* iffnvtwn round it to be statted by the 



reVefsi-fl a>> it appioa* lies lh« next pole. The bnislps 

must lx so .set that the *hnit~< irnntmg takes phft e approximately, 
at the |w>sition of is 10 li M F, and the <u»\xo>f K.M.F. of the loop, 
given in Fig. 15, is thus practically unaltered. 

% 3, Two coils at right angle% Starting, then, in the two pole 
case with a pair of rods at^igltt angles t o <*a« h other, ami connected 
to a pair of splittings displaced relatively to eacli othei by a corre- 
sponding angle of 90^ we must Jot jwthe gaps small, give the brushes 
a sufficiently wide contact surface, and set them in Midi* position 
;fbd at such an angl<*to t tin* split -yngs that tliey bridge over the 
insulating •material between the fetors whe never a cod is in the 
position 4f reversal. Next, let one brush of one split -ring be con- 
nected with the bruSh on the opjftosite side <?f the other ring ; thus 
Fig. 15 will take the form shown in Fig. 81, which represents, a 
two-coil ring, and by it* side ^ic corresponding drum-wound arma- 
ture ; for the sdke of clearness, the armature khaft on wliich both 
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split -ring* yould be mounted, and the connecting wires which join 
the ends of tne coils to the sectors are omitted, the connexions being 
merely indicated by corresponding numerals. Brush is joined to 
brush I*,, and the remaining paired brushes form the temynals to 
which the external < irctu* is applied ; as shown in the figure, coil 
H is m the po^itiMi of reversal, and, therefore, is short -circuited 
through its brushes ; the « uiriiit flow*, into </, through coil .1 which 
is alone supplying K.M.F.. and otA by a into b &mj b*. But a 
moment later, when tin* armature has moved farther round, both 
coils will lie m at ion, and neither a ill be short-circuited by tin* 
brushes ; the current due to tie K.M. F. induced in both will now 
flow through coil , I, and thence through coil H, leaving the 
armature by brush h‘. As the armature continues to rot at**, coil 
A will in turn be short-circuited by its brushes when it reaches 
the second [fosituu <>f reversal, and coil fi will almm supply 
K.M.F. to the external cirniit ; finally, both coils will come 
again into action, until li is again short -circuited at the end of 
half a i evolution. 

Die armature unmt i»«‘hus never bioken, and no mil is e\ri 
open-circuited ; ru« It gives a « mvr **' K.M F. as shown in Fig, IS, 
but the impoitaut result has been obtained that the two coils arc 
ri >w m scr tes, and the cm ve of the total F. M l*. acting at t he hr tidies 
a and h' will be given by adding together simultaneous ordinates 
of the two separate cm vi s and plot t mg their sums as a thud curve. 
Tliis has been <f »ne in t be lower pai t of Fig. HI , the < ur l> show- 
ing the effect of adding togetliei III series tile i ompe.nent (d< *t t e<l line) 
K.M F.'s generated at e.u h msVuif in tjir two «oiK Tlfl* two coils 
are now either u\ series nt one of them is shoiVs in uited on itself ; 
as the K.M.F, mdtued m one roil is diminishing m value, that of the 
other coil is using, so th.it at 45', 135”, 225 , and 3 1 5 the two ate 
cuuitl, and the total K.M.F. then teaches a nuximiiry, while it never 
falls below the value of the maximum K,MJ\ given by oite coil when 
in tin* position of best action. At once it will be seen that the 
fluctuations m the third full-line cur<e of joint K.M.F.. though 
still marked, ate veiy mu* h reduc'd m value from what they are 
when each coil acts separately.* ^Kxpre*sed a*» a percentage, the 
fluctuation, which is roughl) l(M> per cent. on either side of a mean 
value in the case of a single coil, is reduced to about per ceiflt. 
in the cav of two coils in series. \ 

A further sli p towards greater cohstaju \ of K.M.F. would K> 
made by arranging still more ^oils at successive srftalt angles in 
front of each otlu'r, so as to come into and out of action suctosively ; 
with four coils arranged with angles of 45’ between neighbouring 
pairs, the eight undulations in a revolution would be much smaller, 
and t* he fluctuation would be reduce*) to only 10 percent, on either 
side of the average value throughout a resolution: 
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| 4. DivMon of th * w in d in g into two hairs* in pttityl Next, 
let the arrangement of Fig. 81 be repeated, $o’as to obtain four 
roils symmetrically placed round the armature, anti eyh with its 
ends attached to its own split -rin£ conmmtatoi (Fig. 82). As in 
m Fig. 81, a current ran b< collected from coik A and H by applying 
the external circuit to brushes a and./* ; simiUily.u cunent can be 
collected (loin coils A’ and H' by applying the external circuit to 
*T and b\ It tkcrcfoie we jom*all the brushes, coiist'cutivcly on 
op|x>^ite sides of the commutators, and finally join brush b* to biush 
it, both cuncnts ran i>e < olh<tcd by applying the <xtenial circuit 
to brushes d and b as before. \\V row h.yw a dynamo giving an 



I w M2 i our *M»“ apart. i<mnr<t<<l m two j ».wr .tllt-K 


K.MR ittivc idcut* al witTi that of lug. 81, but i.orying twi«< the 
« urieiit ; tiff* two halves >»f fh< ,u mature winding ale in parallel, 
and the current mMing at a divides within tin- armature into 
two equal portions, one flowing through < <*iK A and if, and the 
other through W and .1', the two reuniting to leave at h. If the 
separate btushrs and separate < nmmutators are now replaced by 
one cylindrical structure ^ividerl into four m* tup* insulated front 
ea< h othej, u|n in which one pair of brushes nMs, the eff<ct is 
to convert the whole winding* id the aimatme^nto a < losed spirally 
woujid coil, joined at hit rivals t ^ I'ommu^itoi sy<tofs. The end 
of one roil is «onv^utive!y jiamsUto th** beginning of the next, 
as the numerals «Js«»w ( until the end ijf the last is joined to the 
beginning of the first. log. 83 di^ws the joint lommutator m 
perspective, and IxloV are sho-vn the \ own < turns of t^e coils; 
• at«the right of the diagram Uie brushes are shown in the act of 
short-circuiting coils A and A The whole is now symmetrical 
on birth sides of the brushes, and rotatufli i*in be indefinitely 
continueo without, aCany time, braking the circuit or leaving any 
coil open -circuited. As v*>n as any coil passes away ftom one 
pole-piece, it is short -ciryiited undcr^i brush, and passes over jpto 
the other half of Hie winding. Vhe comply t e closed -circuit armature 
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i* now iam to juatky its name, not only because a coil is never 
opened, bm also because it is itself a closed helix, formed of a nunjber 
of continuously whund loops ; starting from any poiiU. the winding 
can be traced light round the ;pniature, without any brepk, until 
the start ing-j*>int is agfiin readied. The brushes must be set at 
the opposite enth of a diamete/ neatly eojresj>onding to flu* neutral 
line of Zero held. * ♦ 

| 5. Eight-coil bipolar armatures. Having ono* arrived at an 
ar mat lire winding divisible into two halves in patallel, it is ea^y to 
pass from tw'o coils in eat if half to three or four, or any larger 
nurubei, in ea*h half ; ,all that is necessary is to introduce more 

«\ 



B 

I in 83 Four part commutator. 


snvtoi> mto the cmninutator, each foiimiig a coipmtion between 
the end of one < wil and the beginning of another. 

Figs. 84 and 85 show two thum bi|«»lar armatures, each with 
eight foils, but the oih> lap wotmd and*; he either vvavewound. The 
difference in the winding will be dealt with' in the next Chapter, 
but if the development of the wnmmg at the f<*»t of eaeh diagram 
be traced out, it will be sgen that each is close*] on itself and is 
divisible into two halves. Tip* letters, ct, b, c. etc., mark com- 
spoudin^. port ions of the end-coi Rectors, where they would join 
if the armature were again bent ujt int»> cylinder. Tlie lo ops 
short-circuited by the brushes, being situated near ‘to die neutral 
line of zero field, ate li ft blank* while the direction of the E.B1F. 
in the rest is marked by crosses and dufs or arrows in the 
developments. 

§ t 0> The nature ot the doeefc-dreuii an«Mu*e,~ The fundamental 
condition being that in all the active conductors under, say, the 
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N pole the E.MF.s induced along their length* are 114 thf opposite 
direction to the E.MF/s in the active coitduefors under the S. 
pole, an inspection of Figs. 84 and 85 shows that, by bo|h methods 
of winding, the K M F.’s induced simultaneously in tin* s<-\vial 
•coil-sides ay added together in each half of the winding, mi that it 
is their sum which tauxs halt the total armature cui lent to (low 
through each path frmn one brush to* the t-tlur. Every bipolar 
c|osed-< iicuit amiatuie ovei -wound wnh Toils -may he divided 
diam«tn< ally into two halves by a Imocgnrspondmg to 1 lie diameter 
of commutation, or, in oth* i wotd>, hv a line at light angles to the 
general direction of the lines of flux ;e they vioss from the one pile- 
piece to the other ; along the outside of the half wlm h is on the 
erne side of the dividing line, say under the X. pile. there is a sheet 
of current flowing in all the conductor.-, in t he mie due< t ion as Viewed 
by an o!k< iy< r at either end ; while along the ouVide ol the other 
half, the sheet of (limnt flows m the opposite direction. The 
hrushcN remaining Math-nary on the n voicing ouumutatoi hum the 
“*nta«ts, hy winch the current is 1 <>ll<*< -ted from both Jialvi s of the 
winding, and parsed into or returned ii*»m the external circuit ; 
while further , by shoifn iieuitiifg t her coils which ale in the position 
of zero E.M.F., tlu-y miVc also to " commute ” the • uncut, <*r 
enable a cm! to pass fr«.m the one half of the armature over to th<* 
other, wheie tie (uiidit lound it is in the reverse dilution. The 
commutato* actors, whuh ate at any moment situated between 
the brushes, serve merely ^s junctions between the eifd of one loop 
or coil many bfttps and t h< • beginning of the next, but tlieir 
true function is called out rotation continues, and tlu-y pass 
succt^sively under the brushes. 

To dec! case still further the fluctuations of the E.MF., more 
coils 4 »r ms t i< >ns can similarly be wound on to tin* armature, 
with a conypoiwlifigly increased number of commutator sect</ls. 
Hie amount *>1 fluctuation with a given number of*sntors depends 
upm the shap k of the curve of K.M.F. ridded hy each section of 
this winding, and mj up>n life rut it* of the polar an to the pibli. 
Thc#more jxiintul or triangular t^e shap*. the ]<•* the fluctuation, 
but if the pole«w*idt4i is no? mftre than about 0 70 of the pitch, as 
in practice is usually the case, any nuinfeer of sectors more tlian 15 
[xt pole may be regarded as giving a sensibly constant K.M.F. 
at the brushes. With a large number of commutator parts, the 
ra/liple tubing divided as shown in Kig. 83 has to be replaced by a 
built-up structure, consisting of a lumber of wedge-shapd bars or 
seekers of hard-drawn copper placed side by side, but completely 
insulated from each ftthcr by intervening stfips of mica, so as to 
form a smooth 'cylinder upon whidj the brushes rest, the whole 
being insulated from the slccvo and* collars by which the sectors 
arc held tiglitly fo^ether. • 






arnwturi'S of Figs. and 87 
urmatures related. tin- bar 
unaltered. Hie winding will 


•« T,lc lines s/iow the former 

' and ‘front J pitches bej/ig retained 
. l)ls< «ss,d in {he next Chapter, 
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but the diagrams are here introduced to fclustraje two types 
of multipolar armatures in which the winding 4s divisible, not into 
two halves m*parallel f but into as many juths in jwtaHel as there 



C - H, y„ «, 7, 7. y r -7. 


are poh^. Thi- division i** effected by th f * br fishes, ol which there 
are as many >ets*as then are pole-, the alternate brushes of -f sign 
and the alternate brush**- \>i -^sign T*enm n-sj>eetivi ly joined to- 
gether to form a*pair of^erminals to wluch tin* external circuit is 
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applied ’As»in the 2-pole dynamo there arc two neutral lines 



,, i. *' *' **„.?/*, \ - • , » 

i'vS» / 4 - \ 

' \V% K a, 

N \ v ^ X S 


u Anginal ?, pole Up 

Uy I r i/Y .r-s rf 


1st. repeat ( 



, » ; . »• i * if f n ■ : 

'tip iff f T» f ffi?; 

W7v<//'4"v y >/W7 •../ 

A-T' Iv. f .1 M Y*> Y6 W 7 % Xn X, X, Y V v_'</ 


. .7 . 1+ 

r«i. «j.- 1-uur poli' Up wound ymaturr 

r ~ 32 . c ifi, c' .. a* 

• v * ~ 7 . » - - 5 . >■„. ~ w - 1 , . 

jxKnts on the. commutator where the vtfrrent is collated so now 
there are -f> such points; am| each of the 4-pyle‘ machines of Figs. 



Fig. 87. Four-pole duplex wave wound armalare (a 

•U - 32, C %. 16. C' - i, 
y. - 7, y, - 7. y, - 7. 

Single bcii* # (y^ un^odd number prime to C 
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86 ami 87 » esseitf filly two bipolar machines In parallel, together 
capable of carrying four times the current that each quarter of the 
winding could carry separately. If q be the number of paths in 
p&rallei from - brushes to -f-thuslns in the continuous-current 
machine, </ is here ~ • 'ip. v 

Thus, M contracted with the alternator, m which the winding 
may be open-ended, the numbri <J paiallcl paths q in the armature 
of the continuous^ 1 urieut machine with it ^ cb^sf-cftcuit winding 
ran never be less than 2, aud» if mop* than 2, must be a multiple of 
2. Hence in general, q Zt, win ie a is t litr number of pairs of 
parallel paths from -brtidie* to } brushes. 

Of the windings al^.w shown with q 'Ip. owing to certain 
disadvantage 's in the wave equivalent (Chapter XI, § 20), the lap 
form is by tar the most common so much so that it may be regarded 
as the winding which gives as many pairs of parallel paths through 
the armature as there are polr pairs. It is, in fact, the essential 
characteristic of lap-winding that it must under all circumstances 
give at hast as many pairs of parallel paths as there arc pole-pairs, 
although, as will Ik* seen later, it may give more* 1 
| 8. Rise and tall of potential rouAd armature and commutator. - 
The winding of < losed-nn nit armatures being continuous, at any 
•moment there at** points on it whi< h are abreast <»f each neutral 
plane where the flux changes direction relatively to the armature. 
These points ^ire therefore points on the armature winding fixed 
relatively to the poles ; whether a commutator is or is not attached to 
the winding, at one muIi pojnt on a neutral line the potential of 
the armature is at its lowest and or, another such point at its 
highest, whence it again falls. There is, therefore, a difference of 
potential Iwtween two such successive points in the winding coin- 
ciding with neutral lines of the field, and the continuous rise or 
fell of potential from one to the other has now t(f l>e •xamined. 

With q paths in parallel from -}■ brushed to - brushes? the number 
of conductors in sci*\s in each is - - //</, and of coils in each is 
iflql * C\q. where t is the number of turns, in a coil. Consider a 
finite number ofVoils S.\ -2 Ctf disposed at equal angular Mis- 

tances of ;i electrical degrees round the entire double pole-pitch 
of a smooth armature in aSwo-pok* field. Thus u ~~ rr/.Y, and it 
will bo shown in the next (.luqftei how/r will *'<jually well represent 
t he relat ft’e displacement of t he coils the field of a double pole-pityh 
used as a standard of reference in the cas« of a multipolar machine*, 
and for wave-winding, * as well ns for lap-winding. AUh/mgh each 
* • 

* »* 

1 Ihr simplex form of bp*windi»jjf is here alone considered ; its further 
development into multiplex forms is treated in Chap. XI, §15. 

1 £Vhen the coils successively passed through i* each tour of the armature 
are inserted in their praper sequence in the standard reference fi?ld of a douhla 
pole-pitch. 
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coil may have t turns, the width of a coil-sWy is turned to be so 
narrow that it may be regarded as concentrated on a single line. 
Let the ftiflc-densit y curve he resolved into its fundamental and 
harmonics as — • 

V .-I l sin a * mii 3 a : .... 

} iij cos tt * /?, eo* 3 n : 9 . . 



Flo HH. V< >M(ions in r n|inimun iieixynnm 1* M 1' *v 

• » • 

]>t a,. . b|. b 3 . . . Ik tlu^oaximijni value nr amplitude 

of the sinusoidal k.M.F.s due 40 ra« fi emnpnucnt of tin* field, 
i.r. (21 IX x Ur*) multiplied by A,,' I x < *i Ar,/ .Igorafr,," fi t , etc,, 
as the # c;w requite- where ft*, k* . . . aie the appropriate 
differential factors for t lit* particular pit* h spanned l>v a coil or 
the mean distan* c betw<*e» its sides (Vr ( haplcr IX, £ 12, equation 
( 33 ) ). * 

As the start ing-point, let the jnoment be taken when the axis 
of a drum coil is at gght angles to a neutral plane of the supposed 



i«2 CHATTER X 

< 

two-pole field. Tills is represented by the fust positions of Fig. 
88, although here lot simplicity each coil is regarded as of full-pitch 
and in diagrammed Hally represented by a ring loop actually coin- 
ciding with the neutral line wh»i\ in tin* starting position of zero 
K.M.F. * 

When X -j a wlfolr number. Whether cv* n or uneven (Fig. 88, i), 
a second critical position f? found when tin* coils have moved through 
half their angular pit* h, t.v. Fhtough jtf 2, and all coil«#a%e in action. 
After this, the values of the instantaneous K.M.F/s begin to repeat 
in reverse order, ay d a cycle is mtuplefcd when tin- angle// has been 
moved through. A n«*w foil ha? then replaced the hr it foil, and 
the oiiginal end coil has pa ?-><•< I into tin* other halt of the complete 
winding. The tw.» * ho4en positions will, therefore, give the limits 
between Vhifh the K M. 1\ of coils or sectors varies. For tbe 
present, commutnUr and brushes are supposed absent, and it is 
merely desired to find the instantaneous potential along the roils, 
or the total difference of potential between tie' two jmnts on tin* 
winding helix vyhi* li at nny moment ate situated on the neutral 
lines of the field. . 

In the first position, the in>t.uitairmii total KM F. between 
.1 and /Ms 

« * »i {sin 0" i s»n n | sin ‘In } mu 3/i \ . . . ( mii (A* I) a | 

I •jfsiuO* f »'ii 3/1 } win i\n j mii } . . smi (A’ 1} ;i« * 

1 •»(*»"<>* I 3/4 | sin I O/i | mm 15// : \ mii (.V «|)5«} 

■F • 

I Mu* 0“ i i( * /< 1 <•« -<* J <m 3/4 j ... f A' • I) ,i } 

4 bjtct^O* 4 cos 3/i | vmh ti/< | cm t*/i'j. , . . uo (A' - l) [\n ) 

4 M»<>« 0 U j cos 5/i ( tm l0/< i »oi 15/i j ... .j tos '.V 1) 5// ; 

I 

The addition of t,he first vertical colutun [including* the* * mutant 
terms) will give the K M F of mil of the semnd vertical column 
the fc.MLF. added by c<*d 2, and m> on. f Flic addition of the first 
two columns, therefore, will give the potential of the junction' 
between coils 2 nm!*9 # reckoned av-nvm the/irst neutral line. 

F*>r x t oil? (including No. U out of the number £ per path, the 
general expression for the pofential at the end of the *th coil hr 
junction between the vth and.(t -f l)jh coil isgiten by substituting 
) w for «, Hfi (where n is the order of th* harmonic) for f and x for* 
h in equations (29) and (30). Thence it i* 




Hmo feu this i»*dt ion th< general rxpievdnu f« »v tin potential at 
the end of the x\h coil is obtained from < fjuat i<»ns"(29) and (30) by 
substituting npj* for a ami nft foi y This reduces to • 

• 

«.-»> 'T : b„ .«*. . . (40) 

I'mig He i xpie^siort foi t h* no load fluxmile of r(|uation (3S), 
the instantaneous results for tin »ight-ynl aimatuies 1 of Figs. 

* 8-1 and 85 are sir t\vn m Fig. 89 to the same scale fot the two posit ions, 
flere the thinner lines mail the ligand fall of the potential 
along the winding, the dots mailing the junction of adjau nt coils. 
Since the commutator Motors are^onnccted to ihese junctions, 
the heavier stepped curves dt awn through t ho dots show the potential 

• of commutator sectors. As trie number of < oils per pol^is im teased, 

the tw«*< trees dratv 4 ogether, afld both approximate mole nearly 
to a s ;, ie curve, • 

If a ]*>lvgon olvretois, each represent yig* the maximum K.M.F. 

* When arranged as a two layer winding, so that the pitch of tlie toil* 
cad be futt, An<} */ ■» » j* 84 * 
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of a coil, be drawn for the fundamental or any order of harmonic 
in the flux curw, a* in Fig. 90, and it Ik? imagined to rotate about 
its centre at the c#rrisponding speed, then if any two points W 
taken, such as eg. H, D' or A', /)' at the ends of vectors (i.e. in the 
winding at the junctions of coiJt and therefore accessible points 
to which a circuit can l?e applied), the projection of thb dosing 
vector HD' or AT)* u|>pii a # vertical tiine-axn AD will give the 
instantaneous value ot tin; vyltage between B and // or A’ and /)', 
these being two jw>ints fixed in the winding and moving with it. 
But when tie- i<istantaueou^*vottagq between two neutral lines. 



I* Hi Hi* -Rise anil fall of rxitrnti.il hi tlir two poMtHiii* 

(.il 1H j*nxili.’u r minimum 1 M.l . * *►} »*<•>) tiutiiiiuiu CM C 


bving two points on tin* winding tixrd relatively to tin* jniles, u 
required as in the c « »nt iqyuotis cttri ent rasp and the number of coils 
is finite, the position of these two points on tl*e rotating polygon 
at each instant has fs> be ffirther colder e<JL 

• ' r | 

When X is a whole number, as so far assumed, tin- polygon for the 
fundamental component K.M.F/n and a No for any harmonic cl<ws 
and is symmetrical. In this* cast* the K.M.F. Ground the dosed 
circuit exacfiv balance for each harmony, and although the JvM.F. 
bet with two neutral lines of the field fluctuat***,' there is#:u» * ireulat - 
ing current round the armature at m load, and no unequal division 
of the total armature current under load. In tU* first position ot 
Fig. 88, i, with coil 1 on the neutral fine, it adds no KM1\, and the 
potential of points .1 and /> on the winding abreast of the neutral 
lines aie rtspeetivelv tin* same as the fwtt'nfiafc of the points ,4' 
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and D\ being junction points of coils in the winding diametrically 
opposite to each other. The voltage between t 4 f and D ' then grows 
just as the vyltage between .1 and D, until the second position of 
Fig 88.«. is reached, when .1' coincides with A and />' with I\ afiet 
which it dts lines. Thus for each polygon tVe instantaneous voltage 





a* 


between two neutral lines or bet An n binder -, t theieon'K given 
* by^he pioj^tion of .K/F upon the Virtual tnu< axis, while AT)' 
is passing a»*r<^s the vertical fiojn ijs first position in Fig. 90 to a 
similar pillion on the operate side of the vertical, when another 
similar < v< |e comment s. It i«. m'fa* t a small piece of tin- curve 
of voltage between two c ml- junctions fixed diametrically rtypositc 
to each other in the winding. continually repeated. 'Hie complete 
instantaneous voltage between two neutral imes'is the sum of the 
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projection of ji’D’ ior each polygon (fundamental and harmonics) 
upon the vertical ‘tyro-axis AD. Thus the continuous series of 
values of the continuous-current E.M.F. can be traced as each coil 
passes from the first position \*> a third position "similar to the 
first, when a new roil coincides with neutral line A . and a cycle 
is complete. Fig. 90 shows ^ir fundamental polygon for the pre- 
ceding case of A' 4, when thus treated, and to double the scale the 
third-harmonic |>olygorr. • For tfle latter the spcrctj of rotation 
about the centra is, of course, jhrre times that *A the fumlamejrtal. 

| 9* The percentage fluAuatiorr of EJfJP. It is, however, 
the maximum and mi^irminw total E.M.F. \ and the \h icentage 
fluctuation on either side of the m< an that j*>sm-ss the chief interest. 

For the total set of lolls in one pole-pitch of the standard reference 
field, ye. inserting % X in (39) and (40) and remembering that 
H w: n/X, the impressions promotional to the minimum and 
maximum E.M.F. ’s become respectively-- 



(41) 


(42) 


In explanation of the dKippratancc of th<* b trims, it should be 
noticed m the first ease that the tii^t coil withcosO' r - 1 gives their 
maximum values, i>. b t { b t { b* 1 .... whit h must add up 
to nought, since the origin of the Mlive is the neutral hue of 7.V ro 
hold ; all tin* other < oih except the first either then grvT zno K.M.R 
or can be paired with opposite signs, so that they cancel out. In 
the second case, all* t lu* b terms camel out in pairs or are Zero. 
Therefore, in either e.^c no b terms remam in the total H NfF , 
whether oi no there are such Ur^nsin the components. 

Under load when the ^tlnxjnrrve is distorted. the percentage 

max. •" min. 

fluctuation on either side i»l the mean., or 100 

« i nuix. | mm. 

calculated for increasing vahys of K cannot be satisfactorily i6m- 
pared with the results of experiment, since rtt fact the brushes must 
have appreciable •witft h of contact to carry ^he load current, and 
each coil when shortvircuited ly them is visually withdrawn from 
theeiivuit for a more or less prolonged time, with complex secondary 
eijrcts obscuring the simple Vase. # Thy above will, however, serve 
to show that when X is 15 or more, the fluctuation is very small. 
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On no load, the fluctuation on either i>kie M the mean, 
. Viax. - mitt. .. 

t t. , • if only the fundamental were present would be 

max. * mm. - 1 


1 

1 


tr 

Xy / 


t.UC 


4 A 


t cos- 


2.Y 


But * actually t l»i> is ui*Ha>od by *.he pirvciut «>f hainumas 
and if the fi**ld be unaided a-> completely i epic M-nted by the 
fundamental, thiid and fifth liai monies, it* i>- 


rt 



Hie piev in r nf hai monies may then appi«s ubly in< lease the 
fluctuation. Thus f , «i the u<»-load /lux-<uiv< ptevioudy assumed, 
the addition <•( the thud and fifth hai monies with A” 4 laises 
tlie fluctuation fioiM per cent, foi the fundamental alone to 
as much a* 7J pci cent, m all. Yet win n the uumlipr of « oils or 
sectors ] Kt js ile is made A* 15, the flu< ( nation above and below 
the average t for the same field cutvc gimmes • 0 45 per cent., or 
less than 1 I* •r cent. , 


| 10. The cam of X a whole number * a fraction. When .V - >;» not 

‘/ 

a whole numlx'r, it is evident that im* li path will at tours m< ..luck one 
more coil than at other tonee and that >t at any tn«»rn<*nt one path on links 
more than the # iVer.AJ<\ ih « ompUimntary path ouluiles less than the avnaje > 
The simple A ,* wh«Jl< mirnl*t - } is here luUMtVrrs! hy mean* of , 

Fig 8H (n) ami J ig 91 for A 4$, i r. for 9 mils jht j*tlc pair. A < y< h* 
is now completed hy an angular uy*veiiient of n 2, so that the summi position 
of yiaximtiui J\ M 1- is given 1>\ a movement through u-a I ( orrr<4|*»mhngly 

the fljii tuatu»n is reda-. ed for tin* fundatgenta) alo»*.,to , 


4 A' 


1 f COS 


HA 


*\ 


™ ii» our case 0 7H5 ihu cent , or much less than for the higher nuinh r of 

.vis 

In contrastHu the case of $ H, there are no two mil junction* in tlic 
winding between which tire re is always the same voljage as between the 
neutral line* % * % 

But now as soon as thetwmature mov^s past the Jet jjowtion of Jog MH {uj, 
the one path between A ami /> includes 5 coils or 5 vectors, while tohe- corn* 
piemen t ary path has only 4, Consequently*** the polygon of Fig 91 rotate* 
About its centra at O, although prelection on the usual vertical UmeaYi* 
paarng through thaf centre w U give the voltage* between coil* junction* and 
the ends of complete vectors, the vertical line upon which by projection t* 
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measured the iihtantiuieou* K M K between the neutral Unes must be made 
to slide backward* jyni forward* arrow the centre in correspondence with the 
movement of the vector*. The range of the required movement of translation 
mj cither *idr of the centre torresjjoiuh to ;i/4, anil one ligiit corresponding 
to /#/4 ami maximum 1' M K ih dmafa by Ah in the right -hand portion of the 



diagram. Again owing to the i*4ygon ctiwmg there is no circulating cuitrnt 
on no load of fundamental frequency. • * 

As regards the lint and higher harmonics of the flux curve , m x distinction 
must t*e drawn between the raws of x smooth &xu^«i toothed armature tn 
the former cose with the winding u* one layer, tha span of the coils may be 

exactly 'a pole pitch, so that t ■■* 0. and *■* cos h **■-* t In these cir- 

cJWonce* there isagain no circulatuti aifrejt from the 3fd. 5th. and 7th 
harmonics if such are present in the flux-curve, the polygon for the first* 
mentioned being a triangle twictf traced. But if a 9th harmonic is present 
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in Um» flux-curve. the same principle of coiotrtKtum* Kho«*s that the polygon 
reduces to a straight line which revolves through a'cisci* when the armature 
moves through ;i degrees. There is thus on no load a circulating current 
hashing a frequency which is 9 time^ or 2LV times that of the fundamental 
K M F ; its direction round tlic closed circuit _ alternates, as the K.M F of 
one or tfce other half of the winding f preponderates ^ under the action of 
the 9th harmonic in the fluvturve. / * 

Hut if tin* armature t*c toothed, the span«>f the *<h1s must be a whole mi mix* r 
of slots, say 4 (cp Fig. 19,u). and the deviation from an exact 

pole-pitch wifi lx* half a slot pitch, or f 'hi 4 So far as the fundamental 
K M F is totKirned, tins will imply only a small mliution m its value But 
for the .'hd, 5th, and 7th harmvmcs th< # reduction mqfravs rapidly, until 


finally, for a 9th harmonic m tlie flux curve, 7+ 90* **» 0, 

and no F M F. from it is povuliJe. Thus by the action of the tod span factor, 
harmonics of the orders 9, 27, 45 . . . or of V/ :iS\ 5s', where S' is the 
number of slots, are entirely suppresses! m the 1 Ml. and no «ircuhitmg 
current is present therefrom 


e 

| 11. The E.MJF. equation of the con tiiiuoui -current heteropoUr 

dynamo. When oner it is established as m tr 9, t hat tin* amount 
of fluctuation «d EM F. between two jxnijts of the winding on the 
neutral lino of the standard douhh* pxjr-pihh is negligible on full* 
load and no-loMl, the smiplp equation whu li is usually given for 
the E.M F. equation of the ruiitinuous-euneut dynamo < an he 
loguallv deduced. ' # 

Tlie assumption that the K.M.F. between the two points on the 
armature winding that at any moment aie < tossing the neutral lines 
of tlie standard two-juile held is constant, >o that tire instantaneous 
and average values conn ft le, i^ identical with tin supposition that foi 

/ 


finite value of $ /, X »h made mfmitelv huge and / 
/ 


2 C 


2q\ 1 ° m ’ N l > ° ,K ^ n ^y sni all, or more stncfjy that the armature 

winding is distributed uniformly over the whole double pole-pjbh, 
and further thAt the subdivisions to be considered are tallied prist 
the stage tTf coils or sectors down to elemental pot t ions of a turn? 


* 71 

|n these circumstances in "explosions (41) and (42), for sin n 

• ’ ; 

* n 

may be written** and both 

2 * 

JCj.Ul .M .V X “ X 


•. * 

n 2A' 1 

-j. .uni — Iwmiiw 

‘ in i\ sm ” £x 


• • 

Expressions (41) and (42) therefore become identical, and 
equal to 

7 5 * 

-LV k UP X " (V*. 1 J V ^» I l *+ A* ■}•... .) 

1 * ■ • « *. 
Turning To the con^deration of the total flux of a pole-pitch, 

the areas corresponding to the B component* always cancel out 
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and add nothing to the net flux. For each A component the areas 
of (n - I) half-waves in the single pole-pitch a!*) cancel out, leaving 
1 2 

only - X - YLA n as tht* net addition to the art ual flux o f a 
n it ^ 

pole-pit i U. • 

Hence <t>, -- “ Vl. (A\ -| + ) 

,7T • . 

or kH t ' ~ (-'ll I ! I / At ■! ■■■ ■) 

l>t *„'/!, I |At, a "/l, ) i . . - V(,VIM. ! ■ i/Vi- • ) 

where >1' « >nly becoti^s unity m tin* fax: of a lull-pitch loop 


for wln< li 4 k. 


0 ° 


I. Then tin' maximum 


E.M.F. between tTu* two points on tin winding situated at anv 
moment on tin* two neutral linos of tin* double pole-pitch used 
the; standard of irfeirnve, is - 

•* * / ttDS 

*; **■ -•* q yL : -«r xMr * 

But t hr position of tin* points on thr winding, with which tin* 
positive amPnegative hi ushes resj*s t ively makr contact and brt ween 
whirh th»* E.M.F. of thr continuous-emimt mat hint' U to be found, 
ntay not hr, and in practice seldom are, exa» tlv coincident with thr 
neutral liars where th<* firld changes dirrrtion ; f t »i during si i« iit - 
circuit uudrr thr brush the current d\ a Motion of a closcd- 
circuit aunaturr has its dumion toiubly changed, and this may 
require thr section to hr moving in a rsversiUg firld, after it has 
crossed thr ucutial linr. In whichever direction tlir brushes are 
moved away from thr neutral lines, fur the same total flux the 
E.M.F. iit« lines as is shown by a curve of the iise and fall of the 
potential such asU'ig. 896. If this curve Were a sine-cu^te to which 
in fact it approximates, the effect for a movement of the brushes 
through an angle of ^ # Mecti ical degteesnvould be given by multiply- 
ing the preceding^ by a i eduction factor cos X r But in 

gerund it may be grouped with A'ioIoiki a joiiV differential fa A or 
less than k\ H 

'Hie E.M.F. of the eont imiou^-current armature is then 

- C kli, m „X* X ~~X £>1 x 10-* volts . . (4$ 

Substituting 2 />tP € for k H 0 r^D/., in terms of theV>tM flux 

Z />A 


I’m X 


•X 


x it*® 


(43.4) 


^ 60 

The algebraic sum of the liiws cut by an active conductor as the 
loop* of which it forms one side pa&es Trim one position of zero 
E.M.F. to another is always equal to the amount of the flux which 
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is included within the loop when its axis right angles to the 
neutral plane, and this is When the -seating of the brushes 

dries not correspond with short -circuit of the loop in this position, 
the average iK M.F. of a conductor is only proportional to the nri 
flux included within a loop at the inptncntM short -circuit . further 
differential action then reduce the average K ft 1\ to pi o|vnt ton- 
ality with k 4e . In practice the Vpan of the drum coil is made 
so nearly cquitl to tin* jnile-pitch that V may lv reckoned as unity, 
and flirt lit- r, the fnisitiou of tJm bnM^*s elosely < oii<sjK>nd> t<> short - 
t ireuit of the stations as they pas> the ueutial lines of the field, 
so that finally k 4f becomes veiv neatly *jual to unity. Insetting 
2n for q, equations (43) and (43a) take the sijuphfud foi ms (compare 
Hjuations (4a) and (4 d) ) 


!■-. kli tl 


£ N 
*J la X dO 


X nI)L X Hi v . Jts 


(44) 


and in terms of the total /lux of a pole-pit* li 

>: <t>. v / x — x 10 * . . . • . . . ( 44 *i) 

whn h may be adopts! asthr standard forms lm um in continuous- 
current machinery design, although the possibility <>j a reduction 
of to k (fr . <t> # must he borne in mind. 1 * 

That |h rfo tlv uniform distribution of the winding over the whole 
jx>le-pit<*h is in reality assumed i * evident from the absence of any 
term defining tin* of time in a s<*» 1 <.m ycle that is considered. 

When tie* numbbr of sections U large and their distribution lound 
the periphery of the at mature suilkienlly < lose, ih<* withdrawal 
or addition of mu- s*-» tion jh-i path as it enters or leaves the condition 
of short-circuit under a brush, pn duces a m gligibly small effect 
on the total K.M.F. It is only m those < in uinManc* s that the 
instant arrg«>us,K,M.F. of a single section as it moves is afwjiys 
if prifdu<‘(-4 at any one moment bythe K M.F. of Mction <*cutpying 
mk > essive positions, and the K.M 1*. of ^h<* armature ,i< a whole 
.becomes constant and *qual to the average. St r u 1 1 v shaking, 
tb» % identitv of the average ayl instantatnroii* K.M.F.'s ran only 
be true if the mftnbcr *<•< tors* were infinitely large, so that the 
moment <hos*ir^»r consideration !»<*•». mes immaterial, Hut with 
tin* comparat ively Jarge numbers l hat <*ni? in pia*ti<«*, the pulsa- 
tion of the K.M.F. and run cut "when the speed of rotatioit is (.oust ant 
*is reduced to such a*nyill a mount* that it is only discernible by the 
oscillograph or telephone. It rpav in fact give rise to trouble by 
interfering with telephonic communication. • 

| IE. Oompamo* of the EJCF, equation! of the alternator and 
OOOtiiniOlli-Otfrreni machine.— Tlie^ corresj»ondence ill the form <4 

1 Cp. Dts S p. Smith* tfrtet %n Theory and Design of Continuum turreal 
Machines, yip $ S. * 
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equations ( 44 ) i\nd ( 444 ) with the similar ones (or the heteropolar 
alternator (equations. 38 and 38« Chapter IX, § 12) is evident, 
and the latter may, in fact, be employed as the general expressions 
to cover both alternators and cemt humus-cur rent machines, The 
form-factor k f for the luterojHilar alternator disappears, or more 
strictly is not expressed since iv is unity, owing to the identity of 
the virtual and average values of an K M.R which is constant. 

‘ pS . 

k A has the sjarial value A Jr , and ^ is tin* frequency of the 

% 

current in the armature conductors before it is commuted, which 
is of importance in the continuous-current dynamo from its bearing 
on the loss by hysteresis in the core and by eddy-currents in the 
armature as a whole. The term \ pK , which was present in the 
alternating Iv M 1\ equation, now disap|>ears, since in the continuous 
current m.iehme there is no division of the winding into different 
phases, while </, which in the alternator may 1** - 1, must in the 
closed circuit armature be 2 or a multiple of 2. 

It will fcuthwr f>r evident that while in the alternator the E.M.R 
is the voltage induced between fixed points in the u^tuling, i e. in a 
certain portion or the whole of the 'armature winding whatever 
the position which it <* « upirs at any moment with respn t to the 
pftlrs, th<* K.M.F. of the enntinuousH'iureut maehirie is tlie voltage 
ittduced bein' ten points which are fxed with respect to the poles, \ e. 
from the poition of the armature winding which at anv# moment 
occupies one aiul the same position in the fjgld system. Tit** former 
alternates, but the latter is continuous. 

When both are present, as in the rotary converter, the ratio of 
their magnitude is easily followed, when a sinusoidal distribution 
of held is assumed, and the number of coils js large. When reduced 
to a two-pole form on a basis of 180° one pole-pitch, the eontinu- 
ous-eurrent voltage between brushes of opposite polarity is repre- 
sented bv the verfical diameter of a circle* (cp. Fig. 90)» l or any 
group of consecutive eojls covering an angle of £ Indian*, tin* H.M.F. 
is a maximum when the centreinnst coif is opposite tin* centre of a. 
pole and its vectnc parallel to tiny vertical diameter, so that the 
projection t her 4*011 of their ( losing* vector ft a maximum. 'Hie coils 
being closely distribute!, if tK>e the amplitude of the K.M.F, from 
one elemental coil, by equation (32a) the maximum alternating 

* * y sin y 2 sm 

K.M.F. of the group of coils ,is X 


and the continuous-current voltage 
, , , sin itj 2 jL 


sinusoidal 


... , , sin ifj'Z \ ■ * , 

field is eC X l X — . Tire ratio of the two is therefn 
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For diametric tappings with any even utimbfr of slip-nngs 
X ~~ n> and the maximum alternating voltage between the tappings 
at the opposjje ends of a diameter is of course the same as the 
continuous-current voltage since it occurs^ when the tappings cross 
the brush diameter. The virtual value ut the alternating voltage 
Em 

. - v -, 

Ijf t here are .V stip-ungs, x # ™, and between anv pair of 

adjacent tapping ptints, tie* jatio of the virtual value of the 

. , , * sin n X 

allernatmg voltage t<* the continuous vuih fit voltage is 

* \ - 

{ 13. The voltage between adjacent commutator sectors and 
adjacent coil-tides. It 1 h he the Voltage betWet^l adjacent sets of 
brushes of opposite polarity, then Min e their tie ( 2/> commu- 
tator sectors between the brushes, it b»lloWs that the a\nage 
difference of pUentiul between any two adjacent silots is 

l \ 2/> . \ \ 

( ' — ‘ • 11 ‘'hown* that a login i piop.«ition "f 

the volts is generated iitthe s< t tions of the winding tmd« i the poles, 
and even hen it mav vary gieatly when the tlux-< m ve is distoited 
under had. If the flux-curve w< ie symmetiieal and the use and fall 
of potential Were strictly sinusoidal, the maximum voltage between 

commutator Motors would be #> times the avetage, ami then fore 

~ \ Roughly spiking, if may be inkuned that the 

C * 2 p . V h 

maximum difference of jxUential will be about 15 


while tin* average difference 2 p . in ordinary dynamos ranges 
from abou^ 2 t<* 10 volts, and should not exceed, say, 15 \<*lts, v j 
20 volts at dt he most. « 

Figs. 84 and 85, typical of the two forjps of drum winding, 
sfctve also to show' that in either form the difference of poten 
t la W between adjacent roil -sides y h ast niftier th* < critic of a pole, 
and thence rises td a maximum fietwecn each pair of adjacent 
coil-sides situated .on or near t<> tin^diameter of <o ininut.at ion. 
The difference here ^mounts to as much as the full K M F of the 
machine, for it will be seen tftat the two short -cimiitVd loops, 
1*8 and 9- 16^ which ery at opposite potentials, one being under 
the positive and the other under tly* negative brush, are contiguous 
to one another ; and similarly, between the shorf -circuited loops and 
the neighbouring loops on either side the pressure of nearly the full 
voltage of the machine exists. # 

| 11 NaoMitj for eqaal miitance and symmetry In e*ch*oo41 
of the ekned-cMoit irmetaie. In a chttttJ-rirnut winding without 
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external load if 'the *sum of all the KM.F/s induced in the coils 
rigid round the ciriie Is zero at every instant, of course no current 
circulates round it, and it is immaterial whether the* eomj>onent 
K.M.F. s summed up for eacli |K.flc-pit <’h separately are equal, or 
if different , how tju-y an* disthhuted, or whether the r» distances 
of each ( oil air alike. 1 Jut a-* v\oii as an external < in tut is applied 
either at fixed points of tin; winding by means of slip-rings or at 
points fixed relatively t*> the p.il#-s by means of hiudn-s And rommu* 
tal or, these questions her on n* fit vit^t iinpjrtaiu (*. Dealing more 
pirtii ul.nly with* the latter m the continuous-current ease, the 
st at tonai y external < in uit'is brought mto< out a* t with the annatuie 
winding at a points »>f \j p>tential and a punts of ~ potential No 
adjustment of these points can he mad** to meet any temporary 
inequality ol tie resistance of the parallel paths, such as might be 
possible m the Mafic *ase of a number of batteries joined in parallel 
so as to supply «.ui imt to an external circuit ; for the a* tual coils 
of the annatuie as it rotates arc pzogiessivelv pacing from one 
parallel |%th tb another. 

The first requisite, thereto! e, is complete equality in the resistance 
of each and every * oil in older to seMii'e, permanent (quality in 
the resistances of the paiallel paths. If at any nmim-iit then 
r8sistaiu.es r x , r, . . . are unequal, and the internal K M.F/s 

induced in each blanch are equal, then as soon as tin* external 
circuit is rlo>«v| ( mho- tic- brush voltage \\ must b< iln-*simr fur 
all branches « 

I ' ft /' /■; i 3 r p etc., 


when* e 
divided 


The t*dal armature »un*-ut /* will then-lore 

*• r i 

unequally among the branches, in iuvmsc proportion 


be 

to 


t licit resistances. Alt lumgli perhaps not sufficient Jo cause serious 
overheating, soin^ waste * *f powei must Result, since fi\t' sum of 
i t Vj | ijVj, etc., must necessarily exceed the possible minimum 
loss / g , A , i for equal division of the current. Kadi coil must there- 
fore consist of thu samctiiumber (* f turns «>r loops, with the sajnc 
resistance and wound similarly*; they %nust ail be symmetrical 


relatively to the axis radially and circumferentially. 

There is still another property besides their resistance in which 
the separate sections shoufd be precisely alifcc, and this is their 
inductance. During the rapid change V the direction of the curreiK 
in the shor t circuited coils, the ipductanccNvhich hajS alfeady been 
dcscrilxnl in commotion with alternating currents also edmes Into 
play, and, as will be e\plained in* Chapter X)i, upon this depends 
to a great extent the exact position at whidr the brashes should be 
set as to short circuit the cSils atgthe.right moment. Since the 
brushes can only be adjusted to suit the Tiveragtf coil, it is very 
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important that the divergence of any section frorr\ the average in 
bqfh resistance and inductance should be a% small as possible. 

The first requirement is easily obtained in tlie nunlejn coil- or 
bar -wound dAim armature with winding in two layers, and wily 
slightly less i**i feet !v when there 41 v b*u 01 more layers. The 
vioiul requirement is less strictly when, a> is often the case, 

the number of coiK r, gtoujH*d in a slot is two <>r more. Hut the 
required symmetry still holds for the groups as a whole, and each 
gr«tpp may be treated as a ynit. having the same resistance and 
yielding the same vector of E M F. as every other unit under like 
conditions. „ 

| 15. Equality of EJIJ?* in the paths in parallel. Any 

inequality in the total flux of one pole-pitch, <>1 difference ii\ its dis- 
tribution, as compared with that of other jmle-pitches, /:uu only be 
due to causes which must f*»r our present pur; ose be icgaided as 
abnormal. Some of tht* disadvantageous < onsequrnces arising 
therefrom will Ik* traced in Chapter XII, § 1. and the Note added 
to that Chapter. 

'Hie sole condition that must be fultiiled to eiMire that no paiasitii 
current circulates round tin* dosed winding of tie* .uniat me on no 
load, and that any load current divides equally betwivn tile paths 
placed in ;xiraihl by the brushes is that tin* 'inn of the K.M.bVs 
induced bet vvts-n t wo adjacent brush contact |><imt s U at any instant 
the sime^ whichever way round the closed < u< uit the E.M.E.’s are 
summed. Tlie maximum E.M.K. of «-a< h little unit gioiip of c 
coils in a slot can be found v«ctnriallv and then joint vertoi f leafed 
as equivalent to the vector ,of a < oil'; as * nitHdried m 8 and 10. 
With the substitutiob of S, the number of -dots, foi C, the number 
of mils, the results of those Motions Jmld. firanting then equality 
of the resistances of t hr' several units and that the same K.M F. 
is induced in <^rh f» »r similar positions relatively to poles of 4 ! he 
same sign, y now ap|K v ajp that, so far at hast as* the fundamental, 
E M E. is concerned, the above-mentioned • ondition j . aut<<matually 

tired , when, as in practice 1 ^ the « ,w, t In* slots are pit* lied at 
un^otm distances aphrt mum) tje- entile «irmatim periphery, and 
all are equally filled. • * * 

Listlv, when X is substituted f<>i it follows that in order to 
limit the fluctuation of voltage, tlu* number per pole, Sf2f>, must 
itself not be reduced*below sont* minirnhm valueMiialogous to that 
itfreadv named for C/2p. Iif practice S pip should not be allowed 
to fall beltfw tO in smalf machine^ or IS in machines of moderate 
and larg<* size. 



CHAPTER XI 

• 

.4<m.\ti;kk winding 

The leading print iples .govvining tin* armature* winding of drum 
hcterogiolar machines, wUther for alternating or continuous 
current work, an* m> closely ajlu-d tli.it the subjcrc t will first Ik* 
considered in a general wav* applicable to troth types 

filNhRAI. 

| 1. Drum trauUurtl winding and its two forms. The function 
of an aftnajme winding is to add up the K M 1* \\ of conductors 
or of l<*)ps whir ls are displaced relatively to one another in the 
magnetic system. Starting with a number of single bars or con- 
ductors disfw>se<l nmnd an armature core, it ha> lieen aheady shown 
that in the formation of a single loop, the span of the loop at the 
far or M l>a< k ' end <»f the drum must be as nearly as jx>sMble equal 
to the pole-pit c h, hi older that the Ipop may at shine instant em- 
brace nearly the whole of the flu \ of a held, and as a result yield 
4 inaximunf of 1C M b'. Provided, however, that the span of tin* 
loop exceeds tin* |m dar arc, and it is n<»t, therefore, subjected to 
direct differential action, it is not necessary in practice that the* 
span should 1 * precisely equal to the jmle-piteh. 

In Fig. 82 conductor a is joined at the hack by a connection 
(shown dotted) to another conductor a situated nearly 18 ) elec ttieal 
degrees apart Two distinct methods now 1 present themselves, 
by which the* loop may he completed and a second loop started. 

| & (I) Lap-winding. By the first or lafi-mnJtng (Fig. 82, i) 
the* end of loop a - <i # is brought back and joined by a 
connection which also leads backwards to another * i undue tor 
that lies within tlu* first loop ; the direc tion of traversing the back 
connection when tracing out the first loop is here regarded as 
forwards. Thus, when Jie processes further tepeated. the* winding 
kc*eps on returning on itself, iiftning a number of overlapping 
loops (as shown by such a developed plan as that ojf Fig. 84). whence 
its name originates. Vet the w inding as a w hole gradually “ creeps ” 
n>und through tlu* magnetic held, **n order td add up the K.M.F/s 
of the conduct ms. In tlie 2-j>ole ixi.se*, foj economy in copper 
and to avoid cussing, the fiont end-coifticctor will evidently be 
made to jkiss round the shaft <?n the* same side as the kack end- 
connector when the span of the k>op is less ttyan duunetne. 

| 3. (n). WrreWinding By the second method or wave- 
winding of tin* drum (Fig. 92*ii), the end of the first loop a a is 
connected in the 2 pole case to another *aAidiicto» b lying outside 

* 196 
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the first loop, whence a second loop can be started. ^The direction 
of traversing the end-connections from the original starting-point 
is now continuously forwards, both at the back and front. It 
must be particularly noticed that in the two- pole wave wound 
drum in order to avoid crossings, the hack a id front end connectors 
of the wave loop must lx* on opposite sides of the shaft, and in order 
to retain the same direction of " creep " of the winding as a whole 
round the any at ure core in the tWpoIcwAvc a- in the lap wound 
druiy, it is the back end connector that imM U* made to difler. 



Hence, the direction of (raring through the back end unmet tor 
being regarded as forwards in bo(h lap and wave winding, 
the direction of the "creep " through the field in the two psle 
wave- wouncT drum is backwards. In other resj»erp\ two j»ole wave- 
winding in its result is electrically equivalent to two jx>le 
lan-winding. the sune "creep" being obtained in Mb casts. 

nyt when wave-winding u extended multipolar fields an 
entirely new feat uresis introduced.* U the ongmal two |x»le machine 
is cut through to the centre, opened 01 ^ and multiplied, it will be 
seen from the multipolar extension shown dotted in Fig. 92 (li) 
that wave-winding efiables other conductors, such as r* d, e, f, 
Ivfhg in the intervening ftelds'do be^ picked up in an orderly pro- 
gression befbre'thc winding returns to b. When any such complete 
winding i$ followed out in the developed plan, such as Fig. 85 
or 87, it is seen to ^ork contimi*>usly forwards round the arma- 
ture by large strides in a zigzag " wave,' whence its name. At 
the same time, whenever ij haj nea/iy made or has just exceeded 
an exact tofer uf the immature, the starting-point for the next 
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tour will be # foundt to have retreated backwifrds or advanced 
forwards through flu: original field. # 

I 4. The M tmp ” of the armature winding. Thus by both 
methods the winding "creeps” through the magnetic field, and 
the amount of the " c%ep ” or displacement backwards or forwards 
through the field per coil traversed is the fundamental fact upon which 
all the characteristic s -of a -winding depend, since it is due to it 
that the E.M.F.'sof coils relatively displaced can be acjded together. 
It may lx* measured as a distance or as an angular advance or 
retrogression, or it can lx: bxpress<M in terms of coils or, in con- 
tinuous-current machipes, of commutator sectors. When so 
expressed, the symbol tn Is employed for it. 1 

All coils or loops being assumed to be alike one with another, 
its value ,may be obtained by considering the displacement of 
the side which i^rms the start of each loop or coil, or to avoid 
considering the sides, it is better defined as the relative displacement 
of the axes of the coils per coil traversed. 

While easy to follow in the case of lap-wound coils, the idea is 
not at first sight so siixple in multipolar wave-winding. It is, 
however, rendered equally simple if Me " creep ”1)t‘ r coil traversed 
is referred to an imaginary double pole-pitch as a common standard. 

4 Actually the displacement takes place, not in the same pair of fields, 
but in successive repeats of the firs* pair. Thus, in Fig. 92 if the 
two dotted pairs of |x>!es are imagined to lx: rotated into coincidence 
with the original pair of poles (shown in full lines), the "creep” 
between a and c and again betvveen r and r Jeromes measurable* 
in the original double pole-jfltch. * 

This fur thei selves to bring to light tiie nfl»st important rharuc- 
teiistie of the wave-winding. The loop-sides c and e may. and in 
most cases do, fall between a and h, so that if the distance between 
a wild h is a sector-pitch, the " c reep ” can be a fraction of a 
, 'ector pitch, whereas in a lap winding the "creep” may In? a multiple, 
but never a fraction of a sector-pitch. % * 

| 5. The drum-wifiding element. -In the finished armature the 
winding may be t regarded as m;yle up of a* certain numlx*r {7* of 
"elements,” which are spaced* at definite distances apart and 
are coupled together after •^systematic method. Jfiach such winding 
element may bo either a singlp bar, in which case V Z, or the t * 
conductors of the side of a coil of»t turns, Aether wound side by 
side or on the top of one another, V> as tp form a separate little 
/ v • * 

group of wires, when U - y • To define the order in % which the 

elements must finally appear as 1 connects! together, winding rules 
can then be given, expressed in terms of the numbers marking the 

•Hence, in Chapter X §§ 8 10, the»Grc*k Jcttcx /« was, chosen as the 
corresponding symbof for the .displacement as an angle. * 
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consecutive spacer into which the* elements in tfef finished armature 
fall. • 

Fig. 93 shoftr^ a lap and a wave-wound loop connected to coin- 
mutator sectors a- they would be irf a contiguous-current machine, 
• and also 3-4urn o lls of the same two types, with *he winding ele- 
ments marked with a ring. It will thence ivcogni/ed that the 
lap and wave connections aie to We distinguished from the internal 
formation of ‘tin coil in both alternator and rontmuouvcmient 
madfine. l ire i oil may be wohral cimeeutrnallv on itself or with 
a regular progression of the turns after lap la si non, and in either 
case when imagined to In* wound with the tui iis on the top of one 
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another «»i retimed dowrrfo ,v single l**>p, it Im nines ev**ntiallv 
either a lap or a wave coil an or ding to its# om»e< tioii to other 
similar coils, Jhus Fig. 71 the <nmriiln< roils an w.tve- 
conntcted. • * * 

By some writers flie loop or roil as a whole has been treated as 
• the basis " winding -clement *' of the druflt. Vet for many reasons 
it is preferable to treat each mil-sidi* asjone indining 'element,” 
so that the simple loop of one^mn is to Ik* regarded as composed 
of Wo elem^nt^. AinUhis use of the term is also the most con- 
venient, since many drum armatun* are wound with stout liars of 
copper, ea< h of whid^is in effect ^ half-loop gr one element ; the 
complete loop wjiich finally the characteristic feature, is not in 
evidence at the outset when the process of interconnecting the 
component parts is beguq, andnt is just at the commencement^! 
this process that th<; armature winder requires proper rules for his 
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guidance. An element of a druid armature will therefore here be 
taken a* either a single bar, if there is one single loop per coil, or 
the group of conductors forming one <«>tl-side; sufh a group is 
treated as it »t were a single bar, which amounts to replacing tire 
coil of many turns by the loop of one turn flow' many turns 
there are in the cod or tmw'Jlhey an* wound need not l>e considered 
when only the orderly coquet twri of their ends after a regular law 
is in question. 

| 6. The component pitches fcnd rvuiUnt pitch. 1 he pttih ol the 

rnd-ioimu tion of a imi| it the numlrt i •*( elements or winding 
spares that musi be < tainted <*1( round tie* ainutme < urt umferenu* 
to find tin* element vhuh is n» \t m series with the element front 
whuh *he st.ot t>. nude Sm« ♦* » a< h ' »f the (' elements has a back 
and a front the pit* h of the two < nd < muu*« turn*. must be 

distingutdied rc\|w*< tively as v„ and y r . Both must net cvwiiily 
Ut whole uurnUuv Starting fouit muiw* element marked as No. 1, 
the due* tr«»n of the !> u k end c»rme« lion from it u to lx: taken .is 
giving the jMisitive direr tion in whir h the numUnug of the elements 
Is to pi n< red < on Ms uttvefv up to the total of t" I he bat k end of 
the (ijth element is then joined to tiie ba.» k end «»f the (i ■}■ >’*)th 
element, a id the front end of the (x }• y # )th element u joined to 
r the front end of the (i ( v„ -f v r )th element. 

The resultant or total pttih u the al?/hra\c sum of the two 
tompnitmt pdtht's, it 

y • >■ i y, . • . (45) 

It indicates how fai in elements or winding spates the start of the 
second toil is (mm the start of the fust toil. N«* 1, And when the 
elements are distributed in eqtu distant gioupsover the whole of the 
aimatuir jvrtpheiy. it Measures m terms of elements the actual 
advance (not m the wave rase the " ueep " as alx>ve defined) 
dumigh tilt* magnetic system that would lie nuue as each coil is 
formed, hi the lap winding v, is negative and smaller than y„ ; 
m wave winding, both are positive avd may 1^ equal or unequal. 
Fig shows the two tyj'es of loops a5 connected to a commutator 
in the continuous current dywn.io, wifh the pitches marked on 
them. 1 

Frequently and especially in continuous-current dynamo with 
toothed armatures, there are tw<^ or more layers of elements in 
each slot. In such cases for the purpose of calculating the pitch 
of the winding in elements they must lie lumbered aftor a definite 
order in winch they would oceui if the armature were mule smooth 
and the coil sides w 're spread vnt evenly jver the core, and a 
distinction must In* drawn between the pitch of a cod as reckoned 
in elements and as reckoned h* slots ( cp . § 12), and also between the 

i * 

1 In the lap cast, an advance of one commutator sector per coil or y t ** 1 
is assumed. 
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‘ creep'* when uniform distribution of the element! is assumed 
as aRove, and the true “ creep " by long aiftl *hort steps in a 
toot lied armatuq?. 

Lastly, for the reason given in § 1, the k pitch v an at once 
•be stated ttf Ik* in grneial 


when- ft may Ik* z<c>, «*i t> m>iiu* miuII cpunlity iutev*aiy eithet to 
nuke v* a whole nmiih t whm k\'2p u\% inuUijK»!at dynamo is nut 




a whole number or for other purposes to he mentioned m § 14 
It n then fore in th front J»*t < h that the difftTcine between the 

Lap’aiid wave-connected cods is made 1 

' • • • 

•Open Emu i> VfiMdsr.s 

• | 7. Stngfe-phM* alternator armature Grinding* in one layer. 

Confined in their tw. to alternators, open-ended windings do not 
bom their nature carry so mirjv conditions *»r require such exact 
syiRmdry of all cods ;k closed-circuit windings. Fuller drtaiK 
constructional and otherwise, both fc>r single phase and polyphase 
machines, are reserve-^ until ( hapyu XXIV. Irwdl only here be 
noted that the alternator being usually designed for high voltages, 

1 It may he nr* once and for ail be added t^at nothing »# so instructive ax, or 
can take the place of. the actual 1 raving of diagrams (inducting such as these 
of Fig* 90, 91, add 99J for the purpose of obtaining a dear msight into armature 
winding problems. • 
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and the wavfc connection in virtue of its adding up the inductive 
effect of rmiltt|xJhii* field* l*eing best adapted to give such voltages, 
it form* the basis of many alternator winding* iii common use. 
Reduced to its most elementary form of a single bar per pole in 
the single-pha** case. the simple undulating zig-zag* of Fig. H5 




alone remains. In the left-hand front view the dotted end-con- 
net* turn* here and in similar diagram* are at the back of the stator. 
The front end connections of the coils which appear in the left-hand 
portion of each diagram ari shown toward* the inner periphery 
of the right-hand portion. The active coil-sides ar conductors 
appear as radial elements, and the kick end-connection* are on 
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the outer periphery, so that in the right -ham! d nig rant the drum is, 
as it Wre, imagined to be pushed inwards and tliuened out. The 
number of loops being equal to the number of pole-fttiis. the winding 
would close, if continuer! with the same fropt -pitch from .t' to A. 
• ami the M etcep *’ is here zeio. But the cinuit lw**ng open at the 
terminals .! and d\ and all condut'tqis luCing been traversed, 
there n*» nwl for any " intjH ’ to secure another tour of the 
armature. 

Hu! evm when >tep -up tiaisf ’mints are employed, a single 
bar jmt j*»lr jvr phase* would seldom give sufficient voltage. so that 
as a next st.-p, other touts of the armature might Ik* nude as m 
Tig. IMv l*'\crpt at /», \\ \ 9 * 4. but now it will be not net! 


TT 



that after each tour the p‘it< !i of the front t nd < onne< tot at H is 
shortened to y„ - 3. so that another torn i an Imparted ; a " < nrp *’ 
remits, and the j> *vit j. iu of the bars of ea< h tour referred to the 
held # of a standard Rouble t>*l<* pfVh gradually n fie.it backward*. 
The practical disadvantage of the at rang* nvuit that cverywliete 
•elements of widely different jMcntlil occur side by side, and their 
insulation is propor' innately diflvult — This disadvantage is. 
however, removed without effort on the K M l of the phase, if 
the sum* conductors ate converted *into 4 turn p -wound coils, 
wave conten ted (Tig. 97). The corft|*<nrnt pitches of the Lap-coils 
are then v, 4. y, # 3 ; the " c^eep “ is therefore by one wind' 
ing space |»cr coj traversed in a lap group, but there is no further 
** creep M from the addition of other iap groups. 

Bv a further , re-ampgemeftt, the component coils without 
alteration to the E M.F, could be wYmnd concentrically, while still 
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retaining the wavfc connection, as shown in Fig 7! ; the only differ- 
ence thereby mtrbduced is that the terminals of the willing fall on an 
ipside and an outside end instead of on the outside* of two adjacent 
coils. The jMivuhihty cf the «.un< mfric arrangement is limited to the 



case of a winding in.i single layd, such a> ha?M'*nc been considered 
a Nat. Hut the type of end-connector shown uv Figs. 96 and 97 
whether for Up or wave, is $u#h that the coils could pass one another 
in order to be arranged in two layers, and the subject of two-layer 
windings will again be resumed in Chapter XXI V. 
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CLosED-crRcrnr Windings 

| 8. TIm ri^dumictl condition! for dotore. Winn we pass to 
chrietU' ircuit windings, a numU’i of new conditions, which closely 
define what is posable mechunu ally and el«x Dually, ate introduced. 
The *otls are assumed. a*» in practice the < tx\ to he exactly alike, 
of the same qun, and to be symmetjh >dlv distributed at equal 
dMaru es round the entire armature jvjipherv, or to W ground 
in i^nular small groups, < £. within nmr .dot, with equal distances 
between the several groups. The open-ended windings of, say, 
Fig. 95 mi Fig. 9b might end any w heir \(ith jkulups a half loop. 
But now since a winding win n traced completely through is to close, 
all the i orb, (. in nutnU*r, nuH be n*mplrtr, with two toil-sides 
to each, vi that l 2 { a multiple of 2, <nd therefore an 
even numh r. 

W hen the t oil **ul<\ if m two < »r more layers, ate imagined to Im* 
spread out into a single l,*yc» as dcvnWd in § t>, and numlxued 
consecutively round the armature in ^he duntion of die bark 
end* "min !imjj «>f the coil-s^Ic which forms the starting qsunt, 
every ure-wu rmrnbet < orres}x»mLs to the starting side of a toil, 
and every even n miNu to an opposite or finishing side. Since a 
back end-ct-mus tron joins .m element of uneven rninibei to an 
element d even huiiiInu, and ru*c versa with a fi«*nt end-connection, 
e.u h of flu* two pitches, y g and y f must be an imevnt number. 
I he resultant «>r # tot.d j*itc h . y y, ] v r , i* thnefore 2 or a 
multiple n f 2, but of greater impoj ume. the average pitch 


must nsteuarify be a a hole number 

Hie nunjUr of joints uniting the fundi of one <od and the start 
<f another toil is ' . and at each joint a «nnru-<ti^n i made in the # 
continuous*. urrmt machine to a commutator sector, There .ire 
therefore as many commutator sectors as there are < oris, so that C 
stands indifferently lor the tot^l numbered either. The average 
pitch is then alv> tiie commutator pitch , or tie* distance measured in 
commutator sect *r> between the* star> of one mil and the start 
of the next coil in succession In closed-circuit windings, therefore, 
although the**! are not confined to continuous current machine*, 

measures, in terms rf coils or commutator sectors, the advance 
made rmidd the commutator py coil traversed or the actual 
advance through the magnetic ^elcl if the coils were spread out 
evenly into a singleSaycr 

Fig. 98 repr*tiu'es Fig 92 for the more definite case of*a dosed- 
cirniit winding with commutator alt ached. Starting a cod from 
any sector or dement fnarked 1, its second side must be formed 
by an element of even number separated nearly by a pole-pitch, 
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i f> a or c, reached by an end-connection at the back of pitch 
16-2 1 

y g - 7 or - ■ 2 hy formula (46), Element b mustrfot |y? taken. 

since being an uneven number it will itself Ur subsequently wanted 
to form the starting |><unt of a coil ; whether a or c t>e r)io>sen will 
U* found menly to .dtfi the* hand of the winding, but in no other 
way affnti its « hara< teticde features. In the present two-pole 



Lap Lo >p« 



tin) L#fi h|p.l 0v> H(jM bAfl4 

Wav# Loop* , 

l to VW • tap w nt wave «>n Un j**le Arm.iturr < 

# * „ # 

case with an «*\rn iminU*r <qf commutator ms t oi > ami the winding 
dispon'd tn one layer, the loop spans a chord slightly levs than the 
diameter, e g, l 8. or is m effect *vound on* one side of the core. 
Thence from the front end of fl a sKond rpd-conncction leads <w 
to a commutator sector, and so to the beginning 'of \he second 
loop or cod. by the dap or wave method. With an uneven number 
of coils or sectors per pole pair, Hie romponei/i* loop (cp. Fig. 104) 
can be diametric, with a back pitch v, *■ V 'Ip a* giving a whole 
uneven number. '* 

| 9. The number of independent windings.— -Wflen all the 

elements of a winding have been traversed doce, that winding 
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re enters on itself or closes. It is not, howeveJ. necessarily the case 
that all the element s on the armature as a vwhoV must have Intn 
traversed before any one winding that is being traced closes, lxt 
(' Ah and y c Ilk, where h is the highest common factor in-tween 
the numlspr of coils and the average or commutator pit* h. and may 
Ik: 1 or more. >iiue in traversing on? toil from it** suri totlie start 
ol the next, y ( toil* nr sectors ate passed bv m joining up .I coils 
A y« coils or MtHois have Ken passed hv. tout ill the jsnj»heiv of 

• ( 

the arnutujr oi i onunutatoj . Huf A y ( ^ v T ( /*', and 

li is by assumption a whole number Hence when A coils have 
been joined up, the mtuiuul ator has Km n passed round a whole 
number of times Ii t and alv> for llie lirst time the circuit ha; closed, 
the starting |H>mt having again Us-n r< a* l«e<i 

If, tli**f a foir, there Miuo;iijm"ii t .ii toi K'twtan r ( and ( greater 
than unity, i t if h 1 . the t ommutatoi pit* h v, /Mh« mtmN-i oj 
“•mplete torn* round the al lllat life mad*' Kfon tin winding < loses. 

I lut in ti a> mg out a w Hiding we in »\ have to pass i . >ftnd ihe al ma- 
t 111 e oi t ( >mmtltnt. >t srYrtai tyilcs is .tt i>||ir < Vld* 111 m th<- < asr o| 

the wave winding ;hg K5 m <S7) In so doing, the mimUT of 
* oils joined up ls A ■ ( , since h 1, • e it is the whole <f the < oils, 
and tliete h onlv ,t single helix * losrd on itself 

But tf h 2 or motr*. the numK-t of toms i>»und the .uniat me 

• ^ 

o| « onunutatoj K-f.-re a 9 w Hiding doss I> li / ;* ,.||lv . < oils 

• h h 

ha\e 1 ms n /mud up and tin- i<uuirM< i Kim one oj motr rntmlv 
mdt jM iidt nt helnes a« h <d i^d «*n it** If. 

I he Hd I* of v, and ( thus in all i asrs gives thf numhet «</ 
ifUtrprnJtnl t/ovc,/ /u liit ' on tin* ainutun as a whole. In the 
simple c,is> illustrated in lugs. Hi H7 v, and < had no * omrem 
laitot gn .Sd than l r -o that only a single luhx it suite d, and th«s 
»s the llVM Usual * asr Hut the possibility of a ** < <md 1 1 1 < i« p nddit * 
helix of t vi n of two ..r inde Midi additional hole es. interleaved 
Unworn the tirst, must K ie^ogm/«d wKn we pass t, ( general 
winding fotmuLi* . 9 

| 10. Electrical conditions. 1 he ]«l^ 4-dmg ft § 8 *♦ have <lealt 
with purely nii'chanu al « onditions that ,hn' in the oi drily < ouplmg 
up of a nnmU'i of MimUr cods into u rlteed-cnnul w inding <»r 
\undmgs on an arnutipe. and nothing has Ken said on the ele< tiical 
side, • 

In Chapter X, § 15, it has l>een slfown that to avoid any t in uliting 
current of fundamental frequency, the onk* ne*css»ry ronditinti 
is automatically obtained when the coils are disposed remind the 
entire armature with a uniform displacement between each or K t wceri 
each small jfroup of c cails in a dot Even if the differential factor 
feir the cud *»pan jt»rnuts an alternating current of higher frequency 
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Every time ntJxly complete or over -completed tour of the 
armature K madcwwd we return to a sector near to our starting- 
point, p roils have lx*cn traversed and p ~ ! se«tpr\ have been 
torched at in addition Jo No. I? In the nmltipolai machine, the 
p I mtors are Jht'ii to U* thought of as transferred with their * 
toil** for in*’! lion where th»-y rightly U*l«*ng, v» far as their 
displacement in a single standard held is concerned Attention 
fleet! only U' direcVd to one side of each of the similar « and 
the diagrams take the form 1 * shown f'.n lug 9M I he tours of "the 
armature hy lodg strides are tlms di*q>ensrd with, and the case 
I ten lines analogous to that of* the two |K*|e lap wound ma* hme 1 
It the neep m is I «>r a whole numU-t of tots (i.c < p u a whole 
Illimlx'V. the transfelled *r« tor , ex.utly < out' ide With t ll< «d 
the oi igmaMoubh' j*>le | *it « )i thu- I* ig M p; give-, th>- re arrange 
nielli of fug, 87 wuli p pan *. of pat a lie 1 path*, and Me- same dtagialll 
would equally well leprc-sent the lap wound « .w * d lug 8*\ wheh 
shows the equivalent r of tie two If m is a proper flaMeai and 
inp f.*as ill lugs. Inland ltM>, tie* flail jelled se«t..r. and n*iU 
ill e simply interleaved between those nf the ^'ligllial double 
jhde pit* |i, a*, shown m lug W pit and par If m an 

tmpto|H*t tjpution, say. IJ in a I pole mobile-. tie* tians- 
fl-ned m'« tots .lie again intn leaved with tie* oiigm d ant'd*. hut 
the tust interleaved sector from No | * !< w ^ not fall between Nos I 
and 2. as m I’ ig. H9 (in), hut 1*1 ween No* *J and d. as in lu( L ht pv ; ; 
the data for the latter tigme are ( 17* v, b, w Ijj, so that 

the winding is triplex, mp l>eipg d 

| 12. Slot-pitch and element-pitch/* lVn^allv all modem 

emit uuioti'.a ament nun limes have tootle d armature , with tie* 
w imling dis|*»-.ed in two layers (or in an dl m u htn*^ m fo»u I aver*;. 
On this account even when the elements have been shown in a 
svugle layei on a^siuoidh sin fa« e aimatme, .is in lugs, 87 they 
• have been grouped in pails, as they might be in a toot bn l ai mature 
with two cod sides jx'^slot In *u< h rases it has Uvn stated that 
the elements must 1 >c numbered irguVulv .y th»v would fall \i 
spread out uniformly ittfo one )a # \Vr. Ihus lug. too shows t%o 
arrangements by which the even numbers woiifd fall bet w orn tlie 
uneven numU'is in regular fa del. 

I lie distinction must thef\ be fuded between the pitch m elements 
ami the pitch in slots, as in lug. I00*v here the slot pitch *>{ the co^l 
is in Iw>t h cases 5, while the eKinent pitcl^ ft i the t\jo vases i* dl 
and 21 . When the winding table *n elements for any class of winding 

1 A <hu*f advantage <4 the niethixf is the stance it renders m the 
drawing of rotating polygons such as Furs an»t V»J by induatmsf the true 
displacement of the vr< tor* ,>f the rootle m their proper sequence A smooth 
armature is here taiitly assumed, and \f tie. toothed the vect<*fs of each 
group must tx* taken together, the true displacement ur*‘“ erbep " through 
the held not being reproduced m tire uniform spacing of the sretorv 
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lus been drawn up, the slots numt>ercd consecutively in the direction 
of^lhe back pitch (rum No 1 which contains No. T clement at one 
side, and the Older of numt>cring the demerits in a slot settled, it 
is easy to pans from the winding -table in elements to that m slots. 
Eadi dement numU-r in the former t aid must I* divided by the 
numUi of dements m a slot , if there i> m* lemumdrr, the quotum 
gives the mimlei of the slot, and tlusdem.ht is the last one winch 
u»nq4t tes the slot in question ;* if thei * n a iriyaunlei, the element 
fa|^s into the ik-xt slot to the whole nuinU i , ami m the place 
indicated by tins renumdei . *« 

Before proceeding to musuk-i ’ q» ami wa\e winding m detail, 
it may h»*u* at ••me be stated that in U»th t\j>rs with a winding 
lit two laveis, it n-mplete similarity of a’l n»ils is to lx* letamed. 
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it is a m » e^ot \* that t}ie b.ok-pltdi I«sk'*|»ed 111 elements must Ik- 
<cpial t«» wild* «iuiuU f y nurnUi of • oil sides in a sj,,t; plus 
t-m- ; \( \ t , 1. \\ )i* i *• u is the numb*! of * .oil sides in 

a slot am! is tie bat k pitdi in dots, and tins ••/million of 
Mmiiantv of all * ojU s«. universally obtains lhat ?t may U- regarded 
as th»- iu -i m «1 < asi-. 1 hr bat k dot quit h .c* JnmwuiI, nam 1\ , 

, v - 1 

- v\ * ( 49 1 

14 

I , 

must then Is ticked Iv cniirvnson with tie- )*>!ai ;iu ami ihe 
pole-pit* h to s<s* that it avoids differential .Klimt ; it must exceed 
the width of the pole face, ami in fa< t should not appioa* h it < losely, 
and on the other hand it should not greath <x<«ed ihe pale ptldi 
- S 2p. where s the tot..) nnmlxr of shits 

Further, juth a vending in one lave! it appeared from Jug 98 
that the ha* k pit* h of tie* cod reckoned m elements c anied lx* quite 
diametric with even numlh-r <<f cods w sectors }**r ]*.le |»air . 
but can lx* *» with an uneven nutnlxr of coils Hut rum when 
reckoned in slots., the reverse is the case in tin* hxdhed armature 
with a tubdnver winding when the numbef of slots jk i jxlh^pair 
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j# even, the back pit^h in slot* can be diametric or exactly equal 
to a pole-pitch; 'white with an uneven number of slots per pole-pair, 
the back pitch must fall short of the pole-pitch by at least one-fiall 
of a slot 'pitch — a result which has the important consequence 
noted in Chapter X, § If). 


• (1) Lai* winding 

1 13. The connexion between and m ~ In the fop-wound 
armature, the commutator pitch, y % , iv immediately £he “creep" 
of the winding through tin* cragnetwf field per coil traversed, i e. 


y* ‘ 




(50) 


Since <y, must be a whole number, it follow** that m must be a 
whole nmuWi, must be 1, 2, 'i ... . see tens. Therefore, 
a mp can only he />, 2/\ \\p . if. the same as the numtx*r 
of pole pairs, or some multiple of that numlxr. Usually. a p, 
and the number of parallel paths m the armature, q --j 2j 2/>, 
the tui inker of poles. 

If » is made greater than y m , m negative, and the “ creep " 
through the.' field is retrogressive or against t.lie direction of nurnUu 
ing the elements. But since this involve-* an unnecessary crossing 
of the front end-connexions, v p i. always made less than y f . and 
therefore in the lap-wound mac lime, tn is positive, and the ” creep “ 
is progressive, pc. m the same < In *-« t i« *n a ■ th - numU iing of the 


element 

s. 



• 

, 
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( The I 

function 
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the fir-d place tv 

nuke 

* T 

a whole 

uneven 

muni 

her, 

With an uneven nuruN't 

of sector 


pair of 


poles, or C!p - U irnmediatelv a whole uneven nmnUr, b ran 
Mirv, and in the 2-pole cLim* th«\ VVk epd-con ruction then joins 
diametrically opposite elements. The back end-connector must, 
however, pass round the shaft on one side or the other, and whu hew 
Side it takes, the front end-oonnlvtoj is also disposed on the same 
fide. But in a multipolar dynamo in general Uflp is not necessarily* 
a whole uneven number, and the Special function of h in then called 
out to convert cither a tract ionaf value of C'p, or a whole even 
number Cjp, into a whole uneven ntimber. Thq Utter is the more 
usual case, since, as will t>o explained in the next chapter. Cjp is 
usually a whole ntitidxT m ordet to render equalizing Conner irons 
possible. 
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* y ~ b i0 - 2 

In Fig 84,^ * — 2 ^ 7, and y 9 numerically ** 7-2, 

V) that y, ^ w i The completed winding table w thus 

( liuk end. 

I H 3 H> 5 12 7 14 9 18 1 1 2 13 4 15 8 1 

. * ■* Krf»f»i end 

% 

In Fig. 88 the same pihJu-s are Stained, and it is seen how in a 
4-pole field, the rods now span approximately a quarter of the 
circumference. I beefeater the number of poles, the tfattej !>ecome 
the coil», since the .m spanned l>y the back connections varies 
inversely to />. it is never advisable with a smooth surface arma- 
ture to use plti^ as unnecessarily increasing the length *>f cop|*vr 
m both end connectors. Hut if the multipolar machine have a 
slotted aimatuie, it may o< t asmnally Urcnine tin essarv t<> add a 

V \ 4 

positive. A, a*lll Fig 101. vv )*♦•! t- v 17, so that the leal 

« 4 

pitch in slots, y^ 1 , may 1 h- a whole, number 4* v, 13, giving 
V* 1 < 3. would bung the sides of a c ml wtthm the |**l.u arc. Yet 
as this is rtot mi frequently met with, the plus sign is given m the 
formulae as the m*« ond alternative 

Hie quantity /; has. however, ail'd het function, mih e enable-* ih 
a< will to sluMeii still fuithei the pitches below the maxima values 
given above 1 he lap wmmd l«M»p of the smooth 2 |*»|e aimatute 
with < even is in elfn t chmd remind, even when the luok pit* It is as 
king as is advisable. So long, however. as« y, eveeds the |*>lar 
arc, it may he made shot to than the p*»l<* piU h so as to approximate 
more nearly to the |*>lar arc, esp<s i ally if this latter be small and 
the tiumlxT of elements latge. I lu* front pitch is then also pro 
fWutionately retkiced. so that both end connections art'* shortened 
and the winding has less copjn*i and less resistance. Itut the thief 
effect is that the two toils which are simultaneously short-circuited 
at the two brushes no longer he side by side.* hut are separatetj by 
a small /on* of elements earning tlu full current in opposite 
directions. In Fig h>2 witl^V2 elements the back pitch is 13 and the 
front 11, and between a pail of short-circuited elements there are 2 
elements whoa* joint magnetic effect practically nil If the pitches 
had been made II and 9, the tone vfouhl have included 4 ele menls 
with currents opposed. It will subsequently be se«n K rat what is 
called the demagnetizing effect of the arnnturc back ampere turns 
is thereby reduced, although this advantage 'is obtained at the 
expense of the siiort -circuited coils being rather far from the neutral 
line, of symmetry between th% poles. .Suffice it here to say that 
when by an mcreii** of b tin* pitches are shortened *so 4s to produce 



• ARMATURE WINDING 215 

thb effect, the method b known as tkord-wnd fn$ proper, and thb . 
ternj is extended to cover the analogous arrangements in multipolar 

bp- or wave-wound armatures. Since in toothWi armatures it may 




• R|<i. l02.-to*irt mwinu? of Ujvwoim«l 'iron. 

U - 32 y, « V 3 y r « - M. 


be advisable to spi-ad the bars which are* simultaneously short- 
circuited over several slots, a moderate amount of c hor jl*winding 
has more 19 its favour than jn thl corresponding smooth -surface 
armature. * * 



21 6 CHAPTER XT 

1 14. Sunpia k 4 multiplex lap-iroand annaiam.— According 

to the value <?f ml two main subdivisions are obtained. 

(a) tn *** 1, sc^thht a w p. 

The ample lap-wound armature which thence results, and which 
has been described in Chapter X, is by far the most common* It 
always gives as<many parallel paths for the total armature current 
as there are poles, oUq » %p. Each commutator sector is passed 
through in succession iiUh# positife direction, since y c «* 1, IT may 
be any even number, with the provisos that if equalizing connections 
are to be adderj it must b&flivisibl/by 2 p without remainder, and 
that in slotted armatures witf^two or more layers C must be equal 
to or a multiple of l he number of slots, and, therefore, V =» 2C 
must be an even multifile of the number of slots. 

(b) Wi whole numbei greater than 1, so that a 2p, 3 p, etc. 
If at a given an output of low voltage but of a large number of 
amperes is to be obtained, the simplex lap-wound drum may yield 
too small a number of elements and sectors for satisfactory working. 
It it is not tlrsiivd to uy te.isr />, sin } i east's may be met by rec ourse 
to the ttiultipUx lap woun<i drum, in whi< h tn is some whole number 
gt eater than 1. Sims* the number (4 parallel brarfthes is q 2mp, 
the number of at mature elements and Motors ^ tn times gre.iter, 

• I 

and the F.M IS is onlv th of wh.it it would be if the >ame numbei 

m 

of active conductor* were connected up as a simplex Jap winding. 

The difference l*etween the two pitches is now greater than in 
the simplex lap-winding, and tin* irsultant pit < h. mde.ul <>{ mrre- 
.sjH»nding to two winding spaces. is imte.red m times, Ye. y y 9 
f y r 2m. ('oiiesjsindmglv y tf m and instead ot the <onumr 
tatoi sectors being tiaversed « es-uvrlv, the winding »s it is 
continuously tiaced foiuaids touches, c g it tn 2 at «-\riv 
altiunate sector, 

% Two variation are now found to lx* |H>sMhlc, bojh of wlm h 
comply with the above requirements. If y, and C have no < ommon 
factor higher than l, Iheii as shown nt § 9 the winding b»nn> *> 4 ,* 
single closed cod, ^nd wtyeii it ti^veised tiubughout it is fi.und to 
make m passages round the aitrt.ffute. and then* to 1 los<* ,>n tSel! ; 
yet whrn the 2p sets ot lunches aie placed on f he ominmt at, »r, it is 
divided into 2m p patallel paths. <>u the other hand, if the highest 
common tactoi of v, and t i-% twi or more, there Jesuit two or 
more independent wimlings, r.p h separately re-entrant on twrt. 

% • • 

In Fig. 103 y # - 2 and (* - « 19, so that the winding is a single 

* • • 

closed coil. In Fig ItM. v f v.- 2. but C t> * - 18. so that their 

highest common factor is $ and t\jo entirely independent 
windings are obtained. Both the at>ove are instant of duplex 
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winding, and in either case 1 each set dt brushes must have 
sufficient arc of contact to cover more than one commutator 
lector with its insulation on cither side, so that each coil may be 
successively short-circuited (or a sufficient length of time to enable 
the current in it to be commuted before it Is thrown into connection 



i n, ]n;i Ihiplrx i.ip-WHunl 4 J«*ir *lirm nidi 
( Id }„ W a, S v 


with -i new parallel path. With a 1 1 1 j 'If \ winding i h* ■ width of th<* 
brudirs hum r,v ird the width < f two < * •xntinit .*i« •* ^■•‘t<ns I ami so 
on. so th.it piehublv the width of the bni'lnsj' made equal to w 
Motors. f A> it become difficult to maintain j*ifr<t uniformity 
,.f . -*! ! )l*' i f ll-dlf- .« \<J\ Wide .111. < h* ‘*t «*1 bni'ho*' 



jj-'w, l«H h. 4 )*')< Bfioii nit )j H»n ip|» t.t 

wind nut' 

<; ■ *t n y» * i f s v, - 2 


nuv in '■‘li* h (<!<■» W d is order to obtain the necessary 

effective Width. Motors 3i <* inter leaved just as the ‘Oils 

are. but though in* either f d>e ‘ <k h toil is « handed from one 
parallel path to another every time that it passes a brush, the 

1 l ’tiles* tUrrr *r<- two omftinutAtnr*, one at ea* h <>t the machirK, with 
brush leads coupled together. 
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(xsculiarity of t he tyi I form of multiplex winding is that, if any 
one coil be traredj dyring a revolution, it will be found to p*ss 
Miccesaively through each one of the 2 mp parallel paths, 1 and this 
in practice renders it slightly preferable to independent windings. 
In the second form it if apparent from Fig. 104 that the dotted 
winding is sirnplv a s*:< ond winding added to the s<mu* armature 
core, and mt< rjx>hit« d between the <oils of the first winding ; the 
alternate' lornmutator sfVtr»rs thus belong solely to, the second 
winding and are accordingly shown shaded. 3 . 

The indued I r .»M F\ of tht' lap- wound armature is thus in general 

t. ,:/*£* W . . (52) 

with tin? spinal form in tin* ordinary simplex case when a -* p, 

, 

;V 

i 9 '\\ Z — Ur* volts . . . ( [52a ) 

• ‘ (2) t \V.WF-WIMHN<; 

I 18. The connection between v, and m In th«* Vive -connected 
aimatute with < mils oi actors and p jx>h* pairs 

(' a 

V. - . -• .! m .1- - ■ • . (SI) 

y f is te< konedlu the f< >t wai d dim t inn of nunilx i ing, and always 

* • ( 

|x)sitive. A< cording as v, exceeds m is K-ss than . th* “creep" 

* . 

m may l>e either progressive (positive', <»i retrogressive (negative), 
as shown hv the double sign attached to m. 

If (' is exactly divisible by p, v„ must U‘ made to ditfei from f\‘p 
bj’ At least one sector in older that there may !*• ^une ^reep. In 
.make v # ('Ip when this is a whole nurnlwr mean*' physically th.it 
the winding would cltyo after only one tour of the at mature and 
after touching at p sectors only instead <ff fussing through f Mo tors, 
the result would then Inywai tiv antilogous to making m m the Up- 
wound .0 mat me zero, so thhf ea« If coil •closed on ivM*lf 
•% * 

x \ tJ* Mother and Hatt’x tint Vat ?b8 HH»S4). Sind S'eNd** Bnf I'at. 
Non. -M4M (1890) and 'Jn8t» (IM91) f % 

* Hy many authors the terms ” duplex. " “ trtnlf x.,” »>r " multiplex “ are 
r on hned to the rimra when then' ;ue | two, three* or more chtirrlv separate 
winding*, and the temp *' douUv re entrant.” " trrbJv re entrant. V etc , are 
t»»rd to expires the which the Armature t tr^tft'rwd »w times bv tt*c 

name winding Irlorr cloning upon itself the latter frrnu appear, however, 
to tv inappropriate and misleading, suuc m* winding tan ifl the strut sense 
of the term ever reenter upon itsdtf more than once. and it i.« pot in the 
cast M independent windings that on any Riven .u^nature ^icrtsmay be more 
than one punt of rrcu franc y. . 
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When Cip , tin; nun*’** of sectors per pole-pair, b a whole 
number, m must 'be a whole number as in the lap-wound 
armature. But in the wave-wound armature, Cjp may be and 
usually in an improper fraction ; in tins case, m must itself be 
fractional or an improprf fraction, and in this p*ssibility lies the 
greater generality of the wave connected armature. Since a mp, 
by a suitable choke of < oils and commutator pitch to make m 
fruition d, its | >t < m ly< t wi'h f>, \ r u t can (arithmetiially) be made 
any desist'd whole number, I, 2, 3, etc , indepndentiy of the value 
of /♦. * r 

| 17. Simplex or two-peih wire- winding (* 1) It has been 


shown (Chapter XI, $ 3; that m its application to a 2 pde ma« hme 
wavewinding is rlr« tric.dly equivalent to lap winding, and m the 
4-pd* mailpne derived therefrom (lug. 87) the resemblance is 
still maintained, ;v that a />, as in the 4 'pole lap machine. But 
there still ieiuam> m the 4 -pile case the second prssibility that a 
may be 1, giving 

I! 2p . y e f 2, wheie v, is any whole number 

* for example, 4 • 7 % |. 2 28 or 30 (lug 10.S) instead "f 32 

as in lug. 87. 

In this form witlu 1 the sps i.i) char at tetisticsuf wave-winding 
arc brought out mine cleat ly. Whatever the numU r of p>les, 
after having traversed 2 f> elements and so nude vnv neatly one 
exact tour toijnd the armature, it always returns t<» t second 
element m (tout of or behind the st art irvp punt . j as was also 
the case in the btpdat wave- wound form. thus in lug lo5, stalling 
flollt, sav, eleliu-nt 5 Ulltlel a V p>L, the bac k end ♦ ‘ mtlect ton 
joins it to aii element 12 nearly but not quite $0 J ahead and under 
a S. pde ; them v the ciicmt pas^ s in mu cession t « » a third and 
fourth element (19 and”2ti) nearly I80 J and 27tC ahead of the 
starting -punt, and next to a tilth element 3. which is t^ie seiotid 
behind the original starting p>int. Heme after traversing as 
many elements as ther^are piles, the winding on reaching the next 
element has always lost or gained two winding -spices, and by 
much the tom of 'the immature neither incomplete or has Utn 
exceeded. Similar tours are made* until Ihe wufUing finally dose* 
on itself, and the nurnlxr o**siuh complete toms* is always equal 
to the average of the back and front pitches. The total pitch, 
being the sum of the two compm^t pitches, or y « v # -f v r , b 
approximately equal to a double pde-piUM, but the % essentiaf 

relation is that the average pitcli y # *» must lx? «-« — 

4 * i * *r 

In lug. 105 with four pdes and a total nuntIVr o( 30 elements, 
y$ a ' ~ c 7. and the back and % ftont pitches are both ** 1, 
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The winding table is therefore as follows— * 


Back 

| g 

IS- 

22 

» , , 

Front 

8 

IS 

22 

» j 





* 

- Ut tu ir completed 

Back 

Cl- 6 

IS 

-20 

27 ,* 

Front 

8 

IS 

20- 

27 I 




2nd tour 

IWk 

- ' " 4 

11 

Iff 

25 , .. 

Front 

* 4 

11 

18 

25 


* 3rd tour competed 

• 

lUk 

■ 0 

9 

16 

2d rio 

Front 

2 

9 

16 





- 

— 4th 1<‘U» < **inpli*tcd 

Hack 

7 

14 

21 

-28 

Front 

• - 7 

14 

21 

28 




5th t«*ur complrirsl * 

lUc k 

5 

12 

10 

26 

front 

5 

12 

10 

26 - , 


<>th t<n 

it c<< 

mplrtfd 


IWk 

a 

10 

17- 

-4 . 

1 ront 

• 

10 

17 

24 1 


Till 1«-m < !r,l 


The uvrt.igi: pitch t> n»u uiily the mimlxi <>f mmplrte 1«,uis of the 
armature as shown by the winding table, hut i-% .dsn the pit t h in 
conmmtatift s<*< tors, <>t the numlxr of Motors which mn^t Ik* counted 
* ff to find the older in whiah the winding dij»s into the sectors. 1 

| 18. The number of brash ids.* -It] the multipobi wave-wound 
armature onfy two M't- of brushes are ner evvir v. and if tlm minimum 
nurnlxo of set" i> adopted, 1h«*ir is with font |*<lrw a i houo of jw>sitinn 
at wfn< h they may Ik* placed, namely, the two pairs of light angles. 
With six oi any greater nwntxr of p.les, thete is a choue as to the 
angular di>Wiue *t whit li they may U* set as hxe<J J » v the angles 
lie! Ween any *pair of polt* of opposite sign Thus in the tf*|">le 
machine they may l>e set at HO 1 ' or 1NU'\ ami 141 the 8-pulc machine 
at 45* or 135 '. There may, Imwexei, U as many ^rts of blushes 
as tl**fe are poles, and two d»'tted*srK arc si sown ift l : :g. 10*5 ; that 
this is permissible kill be^evident from an examination of the 
distribution of potlmi al round the c unMiufaloi of, e.f*. log. 105, 
which slums that tilery are two additional punts of low and high 
potential respectively where a«*or a f brush could lx* applied 
and connected t # n the existing brushes of the same sign (the diver- 
gence of the potentials in the diagmm is due to the approximate 
assumptions as to th« fi. M.F. of two volts induced in every element 
without regard to disposition in the field, and partly also to the 

1 Tho is equally (nx, althofigh not *0 Apparent in Uie 2 |*8e form of 
F»* *5. ' * 
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* limited number o( Meinent* shown). In large machines and wher- 
ever the diarnetep of the commutator is sufficient to give rooip lor 
several sets of brushes without unduly crowding them or bringing 
the sets of opposite sign into too dose jtfoxtmity, it is always 
jireferahle to employ Iis many sets of brushes as there art poles. 
Ihe anna t me winding is not thereby divided into more parallels 
and the eurient in eat'h loifdudor still remains half the total arma- 
ture Orient. Ihe only ihaiige intiodwed is that tly coils are now 
shot t < lt < lilted, not only at one set y[ blushes, but also by the lead'* 
connecting brushes of like polarity. If any set of brushes be specially 
in.u resstble, as on tia</iun nffitois, it may be omitted, and a total 
tmmbet of sets Intel fnedlate Iwtweeii 2 and 2 p be rtuployed. 

I 19. Freedom from effect* of magnetic dissymmetry. -Multi 
jK)lar wave-wound rna« limes jMjva*s>. one signal advantage, which 
is not sharr<l 1)^ lip-wound maihmes, Kach »>( the paths through 
the armature winding consists of elements influenced by all the jndrs. 
Hence if f<>r any reason, such as e««entn*ity of the armature tn 
the bop*, oi.uimpi.il fnimeaiee of the different magnetic < ip uits, 
the inductive action of erne jxile and its adjacent ncighlwmr is not 
equal to the couesjxmdmg actioned another jx*le, this will have 
no effect u|m » n the equality of the voltsprodui ed m the different 
paths of the aimatuie winding. 1 he simplex wave wound multi- 
polar is, thetrfnie, like a biqx»lai drum ill that there is no feat oi 
inequality of |£ M.l’.'s m Its two ai nut lire blanche^. • 

| 20. Solectivt conmiuUUiou in wfve-wound armatures with 
2p sets of brushes. ‘Hut if the wave-wound drum Is used with -e 
many sets oi brushes as their arc poles, the advanthge winch it 
|K»sM‘sses by n asoii of the equality «*f the h M 1*. s m its juruliel 
blanches is to some extent discounted bv a diawbuck which m 
peculiar to the Winding. As mhki as the attempt is nude t<> take 
^tiill advantage of its inabilities by applying sets of brushes 

with a i ouesjM*niling i eduction m the ^ngth of tin; « *‘ninmtat«*r . 
the dtffnitltv arises yiat equal division of the current between the 
sets of brushes which are of the same s'fgn is entirely depeihknt iq*>n 
the contact -teM*tunce # oi the hung precisely equal, iq the 
wave-wound drum there is no •automatic iluvk due to armiture 
reaction to prevent uihsf 4 .il division of the^cKrrent U* tween Uu* t 
various sets of brushes. Might slitfeieru es m their c out act * resist antes 
must inevitably occur, and. further, are more or levs variable ; 
the division of the current lielween the sot* of one sign will therein* 
unequal and will tluetuate. so {hat at niu* moment *peAiaps one set 
may be carrying l*y far the larger part of the current . lids effect lias 
been called seU+Uvt c&wmuUitwn. and in consequence there nuy 
result trouble from sparking and from overheating of the brush 
tips. Hence in practice it is not advisable to relv too implicitly 
upon the current being ex idly equally divVkd, arfd tHe commutator 
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doired numter o i Element!) U is such that an equal division would 
lead to y, and >v being even numbers and an impossible winding, 
V* may Iw nvole •slightly less nr greater (preferably the former) 

than the pole-pitch and y, < oiicspnndingly greater or h-^s, , 

V» as to see ■urc the Arcev^y average pitc h. 

If y* • >V< un V two glr-yients which .'ire simultaneously undergoing 
short -c ii < nit m tin- same interj>oLir gap he '.id** by ^he ; this is abo 
the rase if the; component, pitches Mily ditfer by two (as is ptissible 
if the number of Motors is n^f divisible liy the number of |x>les), 
and the back pitch b the longer when the shorter of the two |*™>iblr 
average pitches is taken or is the diorter with t h«* larger of the two 
jxejsffcle average pitches. Hut the same etf**< t of reducing tie* 
armature bat h^mjirre turns as is piodiued by <h«>id winding in the 
lap'Wotind drum e.m be produced if the two pm lies are nude to ddfei 
by ntore than the alx>ve amounts; a pair of element ■« which are 
short-circuited in one inter jmlar gap are then separated by 
or inofe elefnents carrying the full current in upp^it.* direction-, 
as is shown in two of the inlet j*»laj gaps m I ; ig.*lOt\ 

| 22. Simplex and multiplex ware-wmind armatures. In the 

wavcM onr.eeted mult ijx >l.u ann.it.ure, the po-thk numbeis of 
elements for a given value of a and a given numbet of piles go up 
by steps, whir h introduces ret tain restrictions. Kwu the limited 
choice given by the formula 

V ■ 2p . y € . 

is only obtained by making, v, alternately exceed ( /V »> that the 
winding be« nines progressive . as shdwn bv„the appearance in the 
complete formula of t h** alternative of plus or minus ILi , Further, 
in the slotted amiatme m older that all slots may U' equally tilled, 

(\ Vf2 must be a multiple of the nomlnT of slots and with more 
►than two ( otl r sides pt slot or c - 1, this inft'odmVs a second 
restriction when the numlx*t of slots on a* standard mAchine is fixed 
To overcome this Uteri restriction. u v‘ has Urn in. ole of the rlrvice 
of adding dead M hats c»r idle cods ; theso either have their cftds 
insulated or are lonncfted in y.^aliel ^jth tleyr nearest neightmut. 
and serve meiely to balance the armature aqd give mechanical 
symmetry. Hut since they always introduce >ome electrical* 
dyssymmetiv, their in' dioufd l>e stiietly discountenanced 1 
According to the value of a thc\vinding falls into two rU>v'*> 

(cl) d 1 . * , * * 

This gives the stmfdsx wtn't-boumi dram, for which , 

* V ±2 r 

v* f i(i p~~~ ** % 

unit * (• i .» 

of-- * ir-HAavi? • (54; 


* Except poeuhly ip small machine* with a 
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Since y # and C ~ UJ1 have no common factor ,\i*>in£le dw! helix 
alwa*N results. The possible numlx*r of element si£m*s up by steps 
of four in a 4 or B*pole machine, ami by steps alternately of four 
ami two in a <>-j*ole machine, antf of fouf .«n4 su m a U) p>lr 
dynamo. 

Since y e must N- a whole numUi .tnd tilth' 'v.iali.i-enf .iwmdmi; 
fS ;j; i t 

m two or m«4/e lav«*is , wiuit*i*js th* numl**r ««f cods 

P 

o|Si4 tors jx“i slot, tt follows if. at in mult ip la: machine. the 
numlx ‘1 <d doi> 5 must n«*t l*e divisible bv p 
(b) a any wh*»le nmnU r create! than 1. 

1 he imniU'i of pans «<f pu.dlc) paths m.«\ in th«* wave-wound 
dnim be made equal to any whole I milliter |>\ Mutably cl ‘♦using 
the nmnUl and plt< h*‘s of the elements When a - 1 , tuere i exults 
the multiple uu\r u^unJ drum (also < ailed ” sene' parallel wound 
diuin w]ii«. h retains many “1 the ( haia» tt nMi< > of the multiplex 
lap-winding in t li.it it lruieav-s the numUi of paths and sr*t<»rs f < »t 
. i given voltage, arid o» lends itM-lf to lai^* outputs at low r x oft ages. 
But tt' dist incur thing feature that the minde r of armature paths 
whu h it viehB. although,! multiple of two. brats no relation to the 
numUu of pan s ..f pdrs. Hen«r a may U- either or p 

After one nearly tninplete tour of the atinatute paving through 
2p elements, tin wimhng now irtuius, e g. if a 2, to t ho fourth 
element or to the ms < rid sector Uhind ot ahead of%the starting- 
pant, inst'-.ol of Jo the Vnmd element ot the adjaient sr<tor 
Inhiud or ahead of the starting-point ,»as m the simplex wap wind 
mg with a ~ I. Tonym ncinh from a mi tor on whuh a j brush 

rests, when We have passed through elellV nt l . We leaf h a brush, 

2a , 

and have passed m % ontinuous sequence through the ms tors oppifde 
or corresponding to one magnetic field ahead of or behind ouf 
start mg punt . I he same f harat feristii s namely, that ca< h circuit 
from brush to brush is sub^sted t»» the imitative effect of every 
P“Hi and therefore j* jh\v tical^v independent pf magnetic dis- 
symmetry, and tha* the n^r <d asutarty sets of bur hex as there are 
p»bs may l*e accompanied by srle*yiye < oinmutation, are still 
retained as in the simplex form. U only two sets of brushes are 
employed «\uh set thrift <overjm*»re than {*i 1) ms tors, v> that 

nfi circuit may be broken, and prebqably • overs a or a j 1 Motors, 
but if a nmhlxt of sets are used, each ran lx* of less width, the short* 
circuit inf* of the roils txong effected through the brushes and the 
leads c f^nnei ting thot|p of the same sign. A reduction of the number 
of sets of brushtu below 2 a, it f. a posit rve and a negative, t rs not to 
be recommended, mi that, .although When a - l two sets arc quite 
admissible wdth any number of poles, this is not. the case when, € 4 . 
p 9 and a 3. In such a case, With all the brushes in use and 
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with, e%, alt fhe positive bruslws numbered from I to 9, brushes 
I, 4, 7 would hav* the s'lmc potential, 2, 5, 8 would have the sfcme 
potential, and v> aUo 3, (3, 9, Ik’ tween 1 and 4 there pviy lx* omitted 
the brushes 2 and 3, .{id also lietween 4 and 7 may lx* omitted 
the brushes 5 and b. and so on. If p w the numU*r of brushes 
of the same sign wlml* are pimttcd in continuous sequeiue, which 
will U; as a maximum 2 ly the above example, then during short- 
circuit there ate (1 { p w ) ouls t hi own into sene’* *:tt this sjxjt, 
and tlieir Voltage is (I j /» t j times the voltage of a single roil/ 


LfiLJ l_s_J UU LAJ ; ;* i • : 

.• ■ - . ti 

• , /■ b 

tl W}/:oy, 

f/ f « A 1/ “ 4. mdc pendent Hfliced 




(ii) r/ ft *5 t/ F - 5 i/ (> - 5. Single h*l»* , 


I- *« i 107 M |n>lr> duplrt v, mmrtjn.al wav winding - i 2i 
from 4 |*>ln p.u*Mit m.t* hi net with simplex. wav*’ vlm-ltn,; (a I- 


S' In M * U « I V* * # t 

s 4»< | 2 IS ,1 < IS H < !* of \ an «1 /> / 

(i) It ( I .>f v t , am! ( - (ti) H r 1* uf v< an t < ' > I 


• As in the analogous » as* of the multiplex lap wmimUdr um, two 
• vanatioris ate |M»ssil»le. It v, and ( ha\ •• tio i ommmf fa< tor other 
than 1, the winding (firm a single dojed helix ; thus m the lower 

putt of log. 107 v t ■ 5, and (■ - 18. On t)ie i»thet hand, »f the 

highest common f!ictor«»f v„ an^l C be m more as in the njfyvr 

jMit t >f the saute Figure where, with the same value of y« n made 

4. the II I Ml ot y f and f the numU'i optotallv mdejiemJent * 

windings. * . 

Obviously, if a p, the windingV>ears a close resemblance to # a 
multipolar lap-wound drum, a'ud when ('jjf n a w^oln numlx*r it 
may U* obtained fioiu the 2 j*le wave wound drum by opening 
it out and repeating it ,/> times, as r,i Fig 87, wly«h is the duplication 
of Fig. 85. Hut the great advantage of the wfndmg lies in the fact 
that it ertables us to make a ^ p, < g. with 8 poles there maybe 4 
parallel paths in the armature as in* Fig*. 107. or with 12 poles wc 
may have 4 or 8 parallel pAths* which nay often enable a standard 
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pattern of fieki-nugnet to be used for widrly* dive/fcent voltages 
and Vmtputs without alteration. • 1 

Tlte induced JE.M.F. of the wave-wound ilium lhu> ictaim* the 
general form of equation (44 a). viz ' 


p X 


. (55) 


with the s(»*^ W1 f«»im f«»t the simplex ta<e Me n u 1 * 

/• /><!>/ ] 1<» * • . (55*0 

Sm< e with the sain** inttlt i|*i >l.ti tield t A< numUi of «lenir»ts 
required f«*r a given voltage is m the wa\e wound arm.itme only 1 p 
<d that in the lap wound armature. it f* *11* »\v^ tliat with, tb< 
number «>t mmnmt.it*'! or.tojs it the lap «'*ih — «d 1 • n nmie 

tUMl'*, the (<»lU 111 the Wu\e Ill.U hllle * .ill be I<*1V 'd ilthei t<< .1 
single turn generally, t** 1 /» oj the i.q* turns .1 m**je than .» 
single turn theme i^ults. 1 with .< <»>iieq« >p hug inlmtion « d the 
spate Inst in insulation of the wires, and ivuig m the tine* taken 
to wind them But when the^ompaiison lies betw.s-n smgie-tuin 
roils in both i .ivs, it n> the sectom that must be irdu* ed in the wave 
nia* hine ; a limit in this diieetinii i-> tlnn * *f t < n ie.i l.vd bv tlie 
average ditfeiime <d pitentta! U*twren neighbouring *■■.«< 
ing too liigk < >n this .uietint wave winding i*. t gem i ally - quaking, 
letter suited to faulv low qweds and small machines. ■* 
f 22. The values* of *i or of m a p in the general caee of ( ip 
whole or fractional. Whatever the -numb, t of j*>l*s uqd slots, 
and whatever the Value «>f the number of i oils or Motors jh*i 
slot, the coils **f a toothed armature <an always l»e < on pled up to 
form a regular wave-winding when oil slots up * qu.dlv Idled without 
recourse to the devne of " dead M bars m .nd-sides Hut in each 
rase there necessarily result particular values of <k he numln'T of* 
piirs of armature paths' and particular t\j* - of wav. -winding 
with a single dosed heh\ or»tw«» or m*a. m<*q>endent holers and 
they values of a may or mav n**i N- desir* d and inav < a may not t»e 
desirable for electrical rea^ns. tl.** \alue id a must, therefor.-, }«* 
specially < onsrdered/ 

If 5 the ntindx'r of slots rn .« toothed armature with a winding 
in two or more laver^,* the totjil nutnluet of i oils or < ommutators 
s^tors is C ■■■•• cS. la:t the numlier of dots, S, I** expressed as 
pfi x 4 i. whet <'*’ \ is zero if S>p is a whole number, and if S’p is 
fractional *, is the nt&rcM whole nmn!*er to S p, so that x is then 
a positive ot negative integer, the numerical value of wludi rmy !*: 


1 Ami a fractional rrMitt t* for the nv 'ifM Ukui •** 

» l |> l>r V Smith, tlie ..t \rm*t ore Wimhnjrs * 

/f:/ . Vo i 55, p 81 

* Or hatt tbc aw tual n«mber of slot* in the rare aw of * *»nglr layer win<im| 
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jqual to but 'cannot exceed pf 2. When x «• pi 2, there arc two 
whole number* ind n t \ one on cither side of S[p, and equally 
n par to it ; it is then .a matter of indifference whether we work 
with pn x f- x, where ( is positive, or with pn x 0 -f* *» where x is 
negative, and rt t ' n t f 1. 

Analogously to the expression .S' pn t f x for the slots, the 
number of ser to/s [wi slot majr be expressed as c pn t f y, 
where y may Jw mo or any integer, positive or negative, less t than 
or equal to pj2 f n t may Ire zero of any positive integer, but with 
the proviso that if y in negate. it, must U* such an integer that 
pn % \ y yields a positive value for the Motors j>er slot. When 
p is high. n t is, of course, usually zero, and y is then - c. Inserting 
the aftove, expressions for .S' and c, 

^ cS (pn x j 0 (/>«, -} y) 

f P 


, pn x c I pn t i f tv 

• ** 

* p 

i 

tv 

n i c f n t x 1 y 
xy 

may be positive or negative, and may be a projicr or improper 
* « 
fraction. If«a proper fr.u tiou less than \ or an impro|x*r fraction 

* . k 

leaving a remainder less than }. it may N expressed as : p - , 

where s may be zero or an integer. I f *a pn>(H«r fraction greater than 
} or an impiojx'r fraction leaving a remainder greater than the 

, tv k' 

next higher number Wdng may be expand as r' - - 

• ’ /» . „ p ’ 

thus by the use 'of the next higher miml^i :/ the (rat lion i- always 


to bo reduced to r.’s minimum vaJue. Winn 


| or an 


iniprojHM fraction having a lenurnder equal to (, the tiv of ertlwr 
* or s' leads to the same result /as will [It showA later. 

The minimum value of*a for any combinaVijli of S and c >s of • 
chief practical importance, and this will correspond to the minimum 
value of m. It follows from equation (53) that the minimum valpe 
of m or a is always given by 4 hat value of the eonimptator pitch 

which is the whole number nearest to ( but not equal to 

# P 4 

it when C ip is itself a wliole numtier. The i feaiest whole number 
i* now given by n % c f * t r f v(or s', as the case requires) ; deduct - 

C • k . . V 
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we* have f«>i the minimum value of m in t)*' fAtrorr r 

A' 

in the Utter case. Heme * 1 


A, when 


the >tgn> uf ; ami A *>i z’ am! A' Ihmv deteumm d hv the sign of xy, 
am! either - * >i lx* mg ch«»M*n to nuke k <>j .V a muiimmu. 

Fiom this staiting-|>oint of oth*i possible whole num!>ers 

for the commutator pit* h are* obtained by shortening m ) >n sh rung 
the pit< h by one or nv»re sotojs. Ixt i be the ~ mbci of sectors 
l>y which the pitch is lengthened (s with fugitive • .j») “j shoiteiied 
(s with negative sign} from an onginallt-ngih wp ♦ t : jot 

I hellCe 


I’he n*nplete suies of valuer f..i ,t i\ tlieiefoie, ;e shown in 
I aide II on pages 230 and 231 ' 

Hv inserting : nnd A* oi and k* with then appiopiute Mgiu, 
j*»siti\r of* negative as the uim- irtayl*.’, according to the *-4gn of xy. 
the above Table answers every quest ion, ami the sign which finally 
results for m or <i • w/> informs us w in 1 her the dueetion of " < iecp M 
through the magnetic held u jirngirvave positive) m reltogtevovc 
(negative). In the former case, f*y t s»s toiqutc hes exceed, and 
in the latter; rase fall short of, ,ui rxa« t tour lounri t)»r atmaluie. 

The fust effec t of shortening or length* ning the ‘«*ntral pitch by 
one sector is to add «>n pairs of annatitle paths algebraically, 
wlpch in one dirct tern means that tlie ac lud mind**? is the difference 
iretween p and A or A'. ^\fi*r ihU, every >uor> ive reduction or 
incre-w of v f adds, on p pails of paths, 

A A' 

WVn * - V. if when rvM is equidistant lxtween the two 

* P P 

whole nmnlrer^s z and the two series coincide thus - 


* %*o» 
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TABLE II.-* 
Whrn «• 4 f -* 

P P 

<* 

l,v I, A . i v«'t<»r* ♦-»"■ 


n t c | ><,1 | s* i n,e -«,»?* - *,< t H,r m ' I 

aft i,k> • rift I *'! 'f ♦ *r 


hft k*> 


V f *V 


r: r k% .ft . n 

«,< » r» t i t « - *,* f «,* j !'• 1 


When " V - «' ■ 

/* /> 


Since tin* values of u now ivjH.it mi either side of the value 
a m ,„, the pitch will lx- rlmsi'n so as to make the winding retrogressive 
and thevhy avoid unnecessary crossings. 

When Clp is a whole mrtnber to start vs i 1 1 1 # 
either (I) \ is exactly divisible by pjand t 0. 
or (2) t „ „ , ’ „ y ■ o. 

or (T) p is romjM>s4>d of two factors, b and d, each highet than 
unity, of which b is a factor in and therefore tn v. and d is a factor 
in r, and thetrfmr in y. so that x yjp is a whole number ' z. 
Therefore it r‘*is the above whole numtx'r, oi d d i> /ero, the fact 
that h i) makes Table 11 reduce to * 


v # ** «,< j m,. i : * «e 1 *«• i- * ■ 2 n e* * « t * t i - t 

A - :ft I ft ft 

• ** *mtn 

* . * • 

* The only possible values of « aie then p or a multiple of p. and 
again as in the jneeeditig case* since theories repeats, the “ creej> ** 
will Ire made retrogressive or <i negative. 

♦ * « * 

| M. General expression for 4 the of <i. The general 

values for a are from Tahlvill • , 

a a* -k ±*p. whe^ iv ■ : f f - . (56) 

• \ k‘ , c 

or k * 1 tp, when ay «*': - - 

These may also l>e pul in the single form « ' 

• a '\y± sp 

but the minimum value of a is not the nT immediately indicated. 

From either expression the p^ible values of a for given numbers 
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of jH»lrs, sl* it > and s-miniv |*ri slot tan U* <piukl. wntten down, 
as in the specimen cays of /> 6 anti 7 given 1 < low m I aide 111. 

It will lie Mrn that m rat h y! of numlnis the Vertical toltmiru 
and hon/ofital ju\\> kerp i*u repeat mg in diltrn nt oidet When 
v - d 1 ui is pr^me to p. the f^'aMe values of a in a joint vt ttnal 
tolumn form a oiiiMortivr from 1 upwards without any 

mtri mediate whole numlK’t^ lying misled. llu- wi»»* holds for 
any value of y when p is itself a ptime nundni, 1! d . S. 1, 11 . . , . 
When v it a factor m p, the jHissihle values of a diminish, until 
with )' p 2. we are reduced to a pj2 < j a multiple of pj 2. 

When p is higlf, the values of a mount up hy large juni|tt t a 

up - », i < : < « s » .* : • 1 *!,.■ • <*,»* ; • » »,< * **’ t * ♦ 1 

n ,*• 7' 

impfa. lu a wl , 


r \ HI I. lit* wf.t M <»1 a A ><)K ♦ A'; 1*< K /* * A NO i 
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difference in the eemmutator pitch of one sector making a large 
difference in Py 9 s*< tor-pitches, so that the cumulative total iills 
far short of or much exceeds an exact tour once round the armature. 

The further use of life above expression^ given in § 15 and 
Table V of the next < h.tptrr 


LAl*' AN li Wavk WISDISC 


I 26. The E.M.F. equation! for Up- and wave-wourd armaturai 

contrasted. A summary ot the foregoing results brings out t ie; rly 

the inherent differences of tne two gre.it dividon>, lap and wave- 
winding, of the dium ccntinudus-cwrent armature ; by the side 
of the K M F. equation is added in eat h c:tv the corresponding 

value (ji the current in any one armature path, or / 


I.ai\ 

a ** »♦/», and m must l»r vmvr whole 
number. 

(1) It m *.* I, Up 

/* io* 

(2) If m - I. multiple* Up 

t? 


\V a v r 

mf> *• any whole uumlrfr. 
(1) If a 1. \impUt wave 




(2) It 4 l, multiple* \\:i\ 


1 *!*• io 7 7 1° 1 

m a tio 


t • /■* 

1 2m/. * 


e .v 

' *I» . /v io « 

4 • bO 




| 26. Lap and wave-wound armatures contrasted in appearance. - 

As will be more fully described in Oiapter XIII. the most usual 
type of winding employed on a toothed armature core is known 
as " barrel-winding," and consists of loXenge-sbaped coib, the sides 
of which fall into two layers as shown in Figs. 101 and bH> (c/>. 
Figs. 93 and 94). 

In the lap- and wave-wound toothed armature represented in 
Figs. 10 1 and 10G, the lower elements aie mark'd wi*h uneven 
and the upper elements with even numbers. The end-connectors 
of such armatures wit 1; two layers of bars are r»shaj>ed ( and them- 
selves fall into two layers. The develop'd plans of Figs 101 and 
106 then show that in. the lap-wMind armature the slojx* of vhe 
upper layer of end-connectors at each enffM thd armature is aslant 
to the at mature core in t^xisite directions, vhik? in tire wave- 
wound armature their slop*; is jwrallel. From this external differ- 
ence it is at once easy to determine ky inspection whether a toothed 
armature is lap- or wave-wound (Fig. 108). 

| 27. Brush-polarity. -By reason of convenience in manufacture 
the connections to the commutator sectors wid be made at the 
part of a front coil-connector which is nearest to the commutator. 
With coils as above ilescribed* this is in tlie lap-wound drum the 
apex of the F -shaped end-con nect ferns exactly midway between 
the two coil-sides (Fig, 101), ar^i in the wave-wound drum midway 
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between two coils at the end of one and at the ftegimring of the next 
(Fif$> 106 ). 

Since the brushes are so arranged as to effect short circuit of the 
toils when theif sides art in the min pola.'kaps and the toils faCe 
the |x>lcs, the j>ositii»ns of the hiudirs ui both cases fall nearly 
opposite to the ventre of the pules. It theiiee results that in both 
case", whether lap **r wave, u itfi «i t ountmUn 'kwitf direction oj 



Laj, W*v« , 


iio. lox 1 \p ni,v! .ij j* .ir.ni. i- <>( i.t }•• .i%t waw vumiu! ti»'»thrvl 
.»nn.tlu$** < iMjtf 


rotdti'-n t n a dynamo [uha i nVa of ff> m lh< < <tmmuioU>r nul) a positive 
brush is epfii sik to a X. p**U. ami a negative brush is opposite to a 
S. polt\ ani \ \w versa with <i clockwise din* lion of rotation, whatever 
the " hand ” of the wimlipg. It results that the " liand " of the 
armature system as* a whole 1 Incomes immaterial, so far as regards 
the self-exntation of the dvrvrno for a given direct ion of rotation, 
a given direction of cdihng in the field-magnet l>obbins and connec - 
tion of them to the positive and negative sets of brushes in 
accordance therewith. 

1 For a f/HW sf^tv-ment. srv Diaptv-r XI, § )7, in th« 5th r» lit of 7 hr 

Dynamo. * • 
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uo^ihiiu u r akmat r rk winmnc, ( continued ) 

Faki.n'i as ii I)i k:vAiivi Machines 

| 1. Inequality of the E.MJV* in the lap-wound multipolar. - 

In t hr Lip womkI nmltijxSLtr since the alternate sets of brushes 
.ire connected together, the commutator sectors or points in the 
winding with which eai h joint set of brushes of the same sign at 
any moment nukes contact should be at precisely the same poten- 
tial, ami the same aU> applies in a lesser degree to the wave-wound 
multipolar when as many sets of brushes are employed as there 
ale jH>les. 

As a matter of fact in the lap-wound multijniiar it u not easy to 
secure absolute equally of the E M F.'s i »f the different branches 
which an* in paialltd, ovvfag to slight difference-* iq the {XTmeability 
of the several magnetic < bruits or left he armature not being exactly 
in the c entre <»f the bore. I he < onM'qurrb arising theretiom will, 
theH'fou*, now be traced. 

In the lap-wound multipolar drum, ea» h branch of the armature 
winding between a pair of adjacent blushes is acted vn by two 
adjace nt |m »It‘^ . SupjMw now that for /*oiue iv,r,<>n the flux from 
one J«»le and into the halves of adjacent jxilrs is less than the 
normal owing to the* pole nut bviityfr as permeable as the others, 
or owing to the* length of its air-gap tx'ing greater. The etfect on 
the armature currents is most simply studied by assuming an equal 
flux from or into eac h pole, and upon this superposing a local flux 
m such amount and direction as to give the actual distribution 
of flux in the* real cast*. I he equal E M TVs due to the assumed 
equal fluxes, together with the terminal voltage and the external 
c urrent therefiom may then he 1 mentally dismissed, and attention 
directed at first solely t/> the E.MFVs and current due to the super- 
posed flux. It will be found in all such*V?„ses that between brushes 
of the same sign which slhrtdd be at the samo* potential, an EJt.F. 
is set up by the Txal flux. The guiding principle must then be 
as follows- since the brushes of tlw* same sign are in reality joined 
by short-circuiting connection* of practically zero resistance, such 
local currents must flow as will exactly absorb the local EJf.F/s, 
and again leave no difference of potential between brushes of the 
same sign, Finally, under load the local currents arc to be combined 
with arv equal division of the load current to obtain the actual 
currents in each branch of the armature winding. Thus* in Fig. 
109* let the steel casting of tyt upper N. pok of a 6-pok magnet 

234 
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have a concealed cavity within it, by reason d which the flux f 
is reduced below the normal The imaging local flux is then 
directed as shown, causing E M F/s and brush potentials as shown 
in Fig. 1096, The shading off o{ th£ lines is* m simplicity neglected, 
and each active bar is credited with an E .*U\ of 1 volt. Ia?t the 
resistance of each branch of the armature winding lx* 0 0533 ohm, 
and uf each brudi set be t V.th of t^is amount Let the dn»it circuit- 
ing brush connections of zero resistance nbw In* applied ; the system 



37/ 

<f, SuporpcAod flux. ft. ELM P * du« lb«rtrt% r CurrenU du« ih#r«lo 



if 8)i>lrm of f Con*h!ualion with 

CUV'iiftt-mx vurr^uU *r tj, «,» i lunrui* 


Ion Vnrqual K M.P and division id <urirnt duo to dcfctt, 

• in chic pole of a C> ]*olc Up wound m.v yim*. 

• • 

of local initializing nuients shown in Fig. |09c and d will then 
result from the E.M.F's of Fig. 1096, and once again all brushes 
of the same sign arc brought to tl*‘ same po^ntiah. I he difference 
liet ween the potentials oiMie two 'brush v:ts (2j volts) is in the 
# reverse sense to the normal, and com-^ipnds to the lower terminal 
voltage arising from the cavity Hie currents due thereto would 
then be as shown in Fig. 109%/, ;fid the extra loss over the armature 
* rdUstance, apart from •* he extra lo$s over the brushes, would be 
420 watts, # cofhpared scith a normal loss at 540 amperes of 
0*0533 

540* x — — is* 2;A0 watts. Actually certain secondary rear tions 

6 • 

from the armature ampere-turns yiry greatly check a«y such 
unequal division of current «md unequal pole-strengths. The 
mechanism by which this reduction is automatically effected in the 
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« 

* Unwound mojtipolafr in explained in detail in a note to the present 
Chapter. % 

| fc Equaliitof oonneotionj. -It will lx? swn that in such a'case 
as the preceding the equalizings urrcnts flow through the brushes. 
But this could lx? very largely prevented »f the difference of pressure 


wan equalized by the addition <4 a 
analogous to the stationary tonne* 
up point* in the winding «‘i on t li- 
the same pitenti.tl, but of lower i 
lions which incident, dlv serve tli 



subsidiary set of uov>-< onnections 
i tions of tin* bruslu*s and coupling 
i- « omnmtator, whitji should be at 
<*>V>tau> *• than the brush < <>ijne< - 
r same jmijxise. No very huge 
number of such equalizing aot- 
nections need lx* applied, and 
usually in pi.utuc only about 
6 to 10 jx»ints in i vh y pde pair 
are connected to as nutty rings. 
«»r, say. on*- ring fm ♦ s»*ry fi to 
10 sectors. Hie prilu'lple is 
shown diagrammatic ally in 
Fig 110. where in a 8 pole 
'machine foui ‘ Mtnil.u [Hants in 
the winding m each double 
pole-pitch are connected to 4 
rings; each ling is tlniefote 
toriniM ted t<» threev punts tn 
thepvinding situated at ecjual 
:t6o 

angles of 120° apart. 

♦ p 


Hie connections may lx* made to commutator sectors at the 
back of the commutator, but mote commonly they are tupped 
off from the winding piHqxr at the hac k of the at mature (c/>. Figs. 
. 195 and 100). It must lie clearly understood that they, in no wav 
prevent the evil of unequal K M FN in .the different brunches <»f 
the armature, but owing to their low resistance as compared with 
that of the brushes they practically* short -circuit the alternative 
path offered by the connecting lead tat ween the brushes of the stune 
sign. The excess current of any strong brahch is thus shunted 
through the auxiliary by pass, and docs not tate to piss through 
the brushes where it increases the difficulty of commutation. The 
currents in the equalizing connections alternate, and since their 
flow implies a certain loss of watts, the us* of equalizers does not 
remove the necessity for great care in the Ventring and “ electrical 
balancing " of the’ armature in multipolar fields. (Chapter XV, 
§§ 14 and 15 ) 

In ord?r that equalizing connections may be legitimately added 
to an armature, it is evident tliat binder normal conditions when 
there is no magnetic reason fyr unequal fc.M.F.s, points of equal 
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potential must exist in the winding which may be joined together # 
without any current passing through the connection. The sum 
of the E.M.F/s between a pair or between two groups of such 
points must be' zero. The possibility of points which strictly 
fulfil this condition existing in a winding turns up>n the question 
of whether after the rise or fall of the E M F. has been traced 
through some portion of the Ending, exactly the same rise or 
fall is found •«> *' repeat," as will lx* etplained*in the following 
paragraphs. # 

1 3. The conditions under which repetitions of the R.M.F. arise. - 

A coil-side A situates! at any moment at ,* particular sp»t on an 
armature relatively to a pile of, say, N. sign generates a ceitam 
instantaneous E.M F. If on the Mine armature there is A the 
same instant another coil-side A* occupying a pmhttdy identical 
position relatively to another p>!e of the same Mgn, it must also 
generate the same instantaneous K M F., the assumption being, of 
courv\ made that in the multipil.tr machine every pair ol pdes 
yields a tiux equal in amount and similar m distribution 

It is further tl^e (.ts* that in all windirtg^ mu h as are employed 
with clos'd-* mint armatures, which are nushanically symmetrical 
and close naturally (* <* without any incgiilar connecting causing 
what mav U* termed fotcible closure), the spin of the coils is uniform 
and their connections are made after a uniform law, it. the back 
and fr<»nt fitches of the coils are the same throughout the whole 
winding ot windings. In fhese emumstances, when the winding 
is followed tjirnugh, the coil-side H nejt in succession to (oil-side A 
will generate an instantaneous E M F. whi« h will lx* the smic as 
that <»f coil-side IV tfie next in succession to A'. Similarly the 
third mibsidrs C and C must generate the same instantaneous 
E M.F., and v» on From the given starting p>ints then the gradual 
Mimmatmn*>f the E M F.*s will proceed equally uryil in each case . 
as we trace o«t the winding, we reach either the original starting- 
punt A or another i oil-side A ' in the samp winding occupying 
at* tlie Mime instant identically the same portion as A, but 
relatively to another pole of the same sign, when the process 
logins again. * 

* Proceeding from the position of zero /jM F. vn a coil and tracing 
the winding until it has crept past *a tumble pole-pitch, the first 
result is a rise of the induced E .Jf F., say, to a positive maximum c, 
when one pple-jutrh h£> been creptMhrnugh ; thenceforward the 
sign changes and a negative induced E.M.F. rises to a maximum 
- e As further explained in § 6, 4 he pmibilijy of some inequalit y 
between the tw^ E.^f.F/s must be considered as the general case-, 
and from the dtffcrence, if any, i t frogi will arise a ciitulating 
current, alternating in direct ion^round the closed circuit as rotation 
proceeds and the second part of the winding 'assumes the same 
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position relatively to the second pok-pitch that the first part had 
initially to the fust pole-pitch. It must now be noted that a* soon 
as a point of repetition of E.M.F. is reached in the winding, exactly 
the same circulating iurrent vfrtli be carried on through the next 
stage and so on, until the ring closes, and whether each stage 
corresponds to one on to more jxjle-pairs, the magnitude and direc- 
tion qf the current will be just such that the volts lost in its passage 
over the ohmic resistance exactly absorb the differences rj-z/, 
and leave the points marking *thc termination of stages at precisely 
the same potential. 'Urns' if between any pairs of points the same 
E.M.F/s e y - arc induced,* these joints will remain at the same 
potential, whether or no there l>e any circulating current or its 
rqqiwdrnt, an unequal division of the armature current under load. 
There arft tl^p points of equal potential in the winding which 
may be legitimately joined by equipotential connections. When 
so joined, no current will flow through the connecting leads, unless 
there lie inequalities in the pole-strengths, from the effects of which 
on tho brushes it is the function of the equipotential connections 
when acting as equalizers to protect the machine. 

If, therefore, out of the p points on a multipolar armature which 
at any invtant may be similaily situated relatively to poles of the 
same sign, the nutnlicr / arc, in fact, occupied by coil-sides, equalizer 
connections become legitimate, and each such connection may 
join together / corresponding points, and must join them if it is 
required to load all the / pairs of armature paths equally from slip 
rings. The equipotential pitch or the distance on tjie armature 
which separates one point from the next successive jx>int of equal 
potential, when measured in coil-sides or elements, will be V jf, 
and when measured in coils or sectors will 1x5 (■//• 

| 4* The case of the slotted armature,— In the above general 
statement of tfie circumstances under which it* becomes possible 
to divide an armature winding into twv> or more portions which 
at every instant giver an E.M.F. equal in amount and in phase, no 
specific mention has been made of the slotted armature. When the 
armature of a multipolar mavhifie is slotted, there will not *1x5 / 
points which at any instant are similarly*^ tuated relatively to poles 
of the same sign, unless tittle are /slots so sifmTed. In order that v 
there may be slots occupyifig at one instant similar positions 
relatively to poles of the same sigfc, 5 and p must have a comiqon , 
factor /> 1. When 5 is prime to p, thcr6 are no two slots which 
at any given moment have the' required similar positions. 

The sole condition then for repetitious of*E.M.F. and for the 
legitimacy of equipotential connections in a slotted armature as 
normally constructed is a common factor /> 1 between S and f, 
and it is the importance of this factor in the c*ise of the slotted 
armature which was first brought out by Dr. S. I\ Smith in hk 
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paper on M The Theory of Armature Windings '* 4 The pole-pairs 
are then divisible into / groups of pff ** p* pole-pairs ; the slots 
are similarly divisible into / groups of S// S' slots, and the two 
sets of groups exactly correspond to one mother. Tlie number 
of slots which at any instant occupy exactly the same positions 
relatively to poles of the same sign is ^ Th^ granted, it follows 
that in each of the / slots there k a coil-side occupying t lie same 
position within the slot, since .ill slots in the assumed regular winding 
are equally filled. There aie, therefore, / coil-sides fulfilling the 
conditions of § 3, and the equipotunti.il pitch measured m slots 
becomes S* //. If, as is the case in practice, S exceeds p, the H.C.F. 
/ between > and p may lx; equal to p, but this is its maximum 
value. 

All slotted armatures can thus be divided inf" two classes, 
according to whether >' has not or has a factor minmon to p and 
higluT than unity. In the former class shown on the left-hand 
side of I able V for pdc-piiis up to 12 in nuinU-rr thcie are no 
repetition-, of K.M.F. ; 1 sut armatures ir^ the latter tlass, shown 
on the tight-han-i side, p>ss<ss true punts of espial potential, give 
one oi moie rep*tition> of the same K.M.hYs found the dosed < iicuit 
or rinuits, and admit oi equalizing conne< lions. 

| 5. The distinction between parent and derivative machines. - 
The gener.d statements of §§ 3 and 4 have made no definite reference 
to the rutur- of the winding of the armature. Indce^i they have 
been framed to apjjy equally to windings funning a single dosed 
helix or two.or more independent helices, and in rich < ase whether 
lap or wave-wound. They therefore require, to be supplemented 
by a further consideration of the actual circumstances of eadi 
class of winding. 

In this connect i*»n it will be found that many interesting points 
in the natnA* of i* 4 ult ijw »Lir armature windings are y ndered dearer 
by considering whether ttay can be redwed to a simpler form by 
the process of removing one or more sets of pie-pairs and the same 
ntflitbcr of repeats of the armature winding until there is left a 
maeflinc whith maj lx* regarded virtually* a* tne unit by the 
multiplication of which t\£ actual machine is obtained. 

• The first requisite will be a knowledge 5f! the " parent M or original 
types which cannot b; reduced by the abovc-descrilied process to 
anything simpler. 9 

In the multipolar machine repet it fbn of E.M.F. has been shown 
in § 4 to arise from the multiplied ion of an original number of 
skits .V with their „prr es ponding *coil -positions within them, and 
an original numlicr <fl pole-pairs p\ so that S «» f $* and p ■=* fp\ 
while c » c* remains unchanged ; and this suggests what i* in fact 
the case that4hc/nachiqps tabutated on the left-hand side of Table V 

1 J<mm. r.E.K ^ Vol. S 5 f p. 18. * 
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furnish the parent numbers of slots and pole-pairs from which 
other machines (tabulated on the right -hand side) can be drived 
by the converse procp** of cutting the originals through to the 
centre, inserting one <1 more Additional sets of ^"pole-pairs (each 
set being equal, in number to the original set ) and connecting in 
a corteqwmdmg nuu*ber of exact repeat* of the original armature 
winding. Every time t hut the same system of conductor* occupying 
slot jKesh ion* siitularly situated relatively to j»oU»*M>f the s*imr 
sign is lejHMted, their will In: an ex;q t repetition of the instantaneous 
E.M.F. of the taigm.il wi (filing in the repeat winding. Whatever 
the com|M»ie-nt E M FY* <>r resultant K M F. as a whole induced 
between the seveinl ends of any toiitinuotis length of copper in 
the original winding, it follow * from the nature of the multiplying 
process th.it {jure must Ik* a mmsponding length of ropj**r and a 
corresjionding E.M F. 01 E.M.F/* in the tu*t «>r any number of 
sets of lejHSit 4 oils. If, therefore, the mult lpheat ion Is can led out 
/ times, that i*,, if/- I sets of p' |K»Iepaiis and / * 1 tcpc.it* of the 
winding an- in*eilcd/ then in the deiived machine the E.M.F.. 
wliatcvci it may he, wlm h i* induced in ea« h ppttinii into whii h 
the original winding lias been severed, must ie «mm / 1 time*, 
so that there aie in all /oct urienres of it‘; and any /curt t**i>oiuliug 
points of the complete winding may U* joined together by an 
equal!/, ei i oiiium tion a* U*ing points of equal potential. 


Bii'oi ar Farm s r r I yfks * 

| 0. The two-pole parent machine* the essential diaiartenstic 
of the two -|hj1c machine, whether lap or wave-wound, is that m 
must be .1 whole number. 

Wit h any numU*r M sectors cS' ^ H k n t , where n t and n t are 
any whole nurnbeis, let the winding Ik* traced «throi*;h, starting 
from one side of a coil, the axis of which stands at right angle* to 
the neutral plane of ryro field, and being careful to follow the winding 
in the direction of the E.M.F., i t. from a negative brush. Thus 
in Fig. 84 the st.fr t may be made either from sector 1 down dement 
1 and so on. or from sector 2 down elenihvt 8, Any little E.M F.'s in 
these two elements being Oalanceii and in tlifsrt.me direction away* 
from tlie observer Or in, Fig .'85 the start myy be made either from 
sector 5 through elements 9 anil* 16 in which the E.M.F/s jgre 
balanced on to element 7, or drum see tion ‘6 <lown eiepient 16 and 
up 9 to element 2. The only ►reason for so choosing the start is 
that in this way the result * the g'.adiijtl attainment of the 
E.M.F. Cj in its entirety, followed in pnfper $*quence by tlie 
whole of - t x \ It has already^ lK*en shown in § 10 of Chapter X that, 
though in the toothed 2-pole drum there can be no circulating 
current, such a cufrent will apse in the smooth-core armature with 
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an uneven number of slots S' if there are halroonic^ in the flux* 
curv^ of the order S' or any multiple thereof. Und$r load conditions 
the complex processes of commutation may also affect the above 
statement, so tltit as a lieadv mentioned i('f*>nie difference i x ~ 1\ 
fie assumed as the general case, there will arftc a circulating current, 
passing through a cycle of values at a frequency considerably 
greater than the fundamental fr^quen^y. But when the voltage 
absorbed by the ohmic resistance in relit ifciTto this current isViken 
into account as a negative K.M 1\» the sum of the E.M.FYs is 
rendered exactly zero ; in fact the cyrcufc of the armhture is closed 
at the point reached at the end of t hd tracing-out process, and the 
circulating current or its equivalent, the \inc*qual division of an 
armature load current, absorbs at anv instant any difference between 
f t and . . . *.• - 

l*ap an<l wave-winding will now in turn lie considered sejKuately, 
although it will 1m* seen later that there is but little electrical dis- 
tinction between them in their two-pole application which is alone 
now under consideration. . 

# A. L/fP-WJNDINC. 

{ 7. (1 a) m 1 Lef an additional pile-pair am} a repMt 
of the winding m*\v 1 m* inserted and joined up as shown in Fig. 8b. 
Starting from set t « »i 1 as K*fore, and in the same direction, we again 
obtain c,, 1ml at the further end the original winding will take in 
portion* ot the inserted willing up to sector 9. which being similar ly 
situated will ugain*< ornplete the E M.F. - c x . The remainder of 
the insert erf winding will in Wun W completed by linking \jp with 
the portions of the original winding so far left out, and will yield 
a second and ex u 1 ly equal e, - z,'. Heme brushes on the commu- 
tator at I and 9 may be joined in parallel, as being strictly at the 
Mine poh-qfial. the rotating points 1 and 9 of the winding irihy 
be joined bv an equalizer connection as strict fy equijiotential 
punts; and the same holds for other mi rescinding intermediate 
points in the winding or for the intermediate pair of commutator 
bruiiics of opposite sign. As already state<J, theq>ossible jncscnce 
of an alternating t urrejtf.* circulating at some frequency higher 
• than the fundunciUal round the dosed swndmg will not in any way 
affect the equality potential of the alnive-desc ribed points. 
Its continuance round the enlarged circle of the winding is exactly 
co mpens.it ed at each instant by the. *ecuri erne of the same differ* 
ence *, -e, , and the s&me ohmic Joss under the second pair of 
poles. . • 

Tlie same pr^cess«may again be repeated by the addition of 
another pote-piir ; since in the first ^nstance the original Minding, 
after crossing the double fole^pitch once, returned to its original 
starting-point, no change is caused by the insertion of either one 



242 


CHAPTER XII , 

t 

or more repots. . Ih every case there results a single closed helix* 
which also follmys at once from the fact that y, « w » 1 has, been 
kept unrlianged, and this can have no common factor higher than 
unity with the new | mmber ‘of sectors C *» pcS f . The derived 
machine is thc t simplex lap-wound multipolar with a --- p t and it 
is seen that it is th^ parent two-pole machine multiplied p times* 
The number of slots in tHis derived machine being 5 «* pS\ the 
H.C.fl. of S and p is/ «*» p t and there arc p repetition* of the K.M.F. 

the slot positions at any lyonirnt in one double pole^itch 
l>eing exactly' if prated in*evijry other double pole-pitch. 

Thus any simplex iip-wOund multipolar (>', — 1) which has 
a number of slots S exactly divisible by the number of pole-pairs 
(i.e. pS') is a (Privative from a patent 2-pole lap-wound machine 
having the s^me value of c and V slots. The equipott ntial pitch 
measured in slots is « S' «.* S/p, and in coils or commutator 
sectors is cS' C Ip, or in elements is Vjp. The number of |H>ints 
at any given potential reaches the maximum value p, and to nil 
of thev* any.cijualiier *■ onnection will be attached, as in hig. 110. 

| 8. w - 1 has a comnSon factor with cS’ groatag, than unity.- Next 

let t he commutator pitch of the original 2*j*dr Up wound ma< him* lw increased 
to y # m * !. ?«> that thr winding becomes multiplex, a' inf/ w t^ing 
a wiiolr nniwtier, 2 or more. 

(\t>) First In t m * l t** a factor in C* *«• cS'. thru m tb- p.u* uf nnthmr 
there arc nt independent helices, interleaved tip tween tmr aimther. e.u h of 
which. <nti<mirted t»y itnidt. will follow ex.utlv tlie same Uw s thr simple* 
winding of cojn (la) For every pile p«ur and winding ms* ro d there must 
l*e a irpetdion of the 1*..M F, of fho tint helix in its rcp.it. and >f the F M F. 
of the second hrhx in its rejn-at. and so on. There* ;no thnefor** at any 
instant p repetition* of 1 M 1** wo each of the m uuF-p ud'-ntdu In es of the 
derived machine. The c<pn jxitrnttal pitch as U f«ur Hut it may tie ,i>kcd 
whether there l» any exact repetition of the F. Nf I*, of one of the original 
holier* hy that of another, or in the derived multij*»Ur mat hmr U'twren 
jiortiou.H or the wlu>le of the independent helices. Since f..r any one position 
of a full side in ft Blot wAl relatively, say, to N piles, all the p « onrcspuiding 
jxAnts are occupied by one hrhx. this can at once !*• answered m the negative 
I-ipiah/cr connections in the derived multipolar therefore » .uf only connect 
point* in each of the winding* independent l >♦ -a condition ‘which is auto- 
matically cared for hy the um of the formulae for the c«pii potential pitch 
given above (§7). « 

For the name reason ttie points joined on the commutator bv any brush 
are never strictly a\ the wwnc potential. Yet the difference of phase fthich 
cause* this cannot lie alleged as ant objectioh^o the •multiplex winding ; on 
the contrary it would lip the ground for its adopt', n for, the following reason. 

U in the umne of design wtrare limited to a twi>*]!th» lap-wound machine* 
to give a very large current, the ptogrensive commutation of the contents of 
* Blot due to the multiplex winding a^d following as a corollary from the 
difference of phase above mentioned would be the cause of its supcnority*to 
a simplex winding. * * % » 

Thu* any multiplex Up-wound nylti polar with m > I, in which the 
number of slots $ inexactly divisible by p, and the number of Sectors C is 
exactly divisible by mp, ha* m imfbpenrient wimfcftgs, each possessing p 
rejictitions of K.M.F. but with none between winding ; ar^i it may be traced 
l*ck to ivtvuent 2 jxde machine lap wound with m independent helices, and 
having the same values of c and o^y,, « m - J, but wnth S' slots. 

I 9. m > l having no C,F. with cS‘ bJkher Ihut I — (l, c) bet m. although 
> \ t have no commoft factor highe^ than 1 with C* «* cS\ bo that the original 
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multiplex winding (oral* a ungie dosed helix That in Fig. HI let the 
winding be tnplex, with m « 3. Neither c nor 5* can lUW aJy factor higher 
then . I with m. end therefore S' 


cannot be divisible by <*' « m, but this 
cannot be nrgardtjl as any objection, 
for the frame reason* that have been 
given under flfc) 1 *t only implies that 
one or more of the pain of armature 
path* mufrt contain two toil side* lc»s 
than tlie other or others. , 

Such a 2 |h>1c finding crcej» jwLfrt the 
double |volr*pitch m time* , aud, 
when cut through and ojvned out. t^c 
mi sections of ^ the A windings can be 
traced through from the mtcrpolar hue 
of bisection separately. hollowing 
tilt: same rules ,v> lx*iorc, for the first 
tour of Fig. Ill the starling point will 
be tin.* ccui-friile marked 1 ; tlie .second 
tour starling from 2 U-gms with the 
next but one i oil side in t lie direction 
of advance, and the third tour starting 
from 3 U'gmt wuth the uui >ule adja- 
cent t*> the original starting jximt. I he 
Just tour embracing 12 elements or b 
cod* will yield an F M l*. /:. g - t t \ the 
second and thud 0ach embracing* 10 
elements or 5 ouU will yield ]•. M F.'s 
f, f t \ and f % r, , with differences of 
phase between all three, and all 
unequal. 

Now sane the wimlmg is a closed 
helix and after i at h tour return* to a 
different starting it follows that 

when anoiiu r j«de p.yi and .t repeat 
winding air added on, the hist half- 
tour ot the whole machine will ciu^at 2' 
and its continuation onwards f»mplct* 
tug the tour will be from 2' to 3, yielding 
the same h Ml. r g r t ' as the original 
second tour from 2. 1 he ae< <»nd hall- 

tour from 2 will <n»! at 3', and its con- 
tinuation ttiwardft completing the 
second tour wuUU: from 3' to F yielding 
the same I'. M I*. f % (% a> the original 
tour from 3 l-v*tlv the third b.dl tour 
frfcm 3 will md at I', and its continua- 
tionam wards will lw from 1' to 2, yield* 
mg the same I N! 1# i x c,'«as the 
first tour of the original w'dfclmg. 

But now let a scyxJii j*ole-p(ur and 
re} vat winding l»c inserted, making 
3 in .ill, !k> that p ■** m *Thcn at oru-c 
y 4 jv* m and C *» cp S' will leave tfic 
common factor m > I, ani we return 
to m mdejx:ua< nf helices, but now each 
gmng the same total KM K at any 
instant. In senes iwth 1 - 2’ - 3 # * 
will be found a continuation from 3 r 
to I closing oift helix. In sc nei 
with 2-3'- l 0 will be fyund a 
continuation from JL 0 to 2 closing the 
second helix. In tenet with 3 - l'-2* 
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i wiQ t» found a coo tin pat ion from 2* to 3 closing tbs third helix. Ws thus 

t /i«< SeomA 

Original 2-poU ftp* at. ttptai. 

. Ut tour. From cmi^.d# I, *£ A - ${ -f - #,'• f # g - 

2nd tour „ ,,v 2. #, ~ f #, - -f £ t - #/ 

3rd tour. ,J „ 3. i, - # g ' -f E % - # A ' 4* *% - *% 

Hence from the parent multiplex two j*/le machine with y $ *» m * I and 
a ungU (loud K*Um, although^ re|**tili»iii» of each component l SI F must 
always tx « ur la; tween ditb-irfit portions of the windings, tile derived machine 
(i**utnr» thrre different lorirtA. « • 

If p i» prime to.m. the wmdirg remain! a single closed helix If the actual 
winding be traced through from a ytvm starting rwmit. an rqui potential j**nt 
is found after mV *lot pttUie* have been pavsed by, but since m is prime to 
p, this always reduce* down to .S *»l<»tx p«omh 1 a whole number of times pint 
or minus V dot-pitches, it tin- span of the equalizer connection u S' dot 
pitches* so that again the same formulae for Die equijsdenual pitch remain 
true, i /, m^hlo tj^ y^ - •* S' arui m sectors -* cS'. 

It p ^ m or a multiple of m, say Am. tlarie *ue m mdejiendenl indices , 
in this ca»r when p ** m , they ar»* without rcjxdition* in themselves, and an 
equalizer lonnection joins the several helices together, and when p •* km. 
thry hnvr k irjwtttioiu m themselves and an equalizer connection joins both 
I Hants m rai h helix and the several helices. 

If m atid /> have a common factor /' greater than unity but less than m or p. 
then) result /' independent hellers, each of winch is row p «df multiplex and 
making mjf' tours of the armature . thefe are then />//' repetitions m each 
helix In 1 h ith the last two group, there is always complete identity between 
the l\,M I .'wof the /' helices, and it is evident that the second group when 
p «-# m or Am is the extreme case of the third group when /' *■* m, that 
only the thud or general case u tabulated m Table IV (p, 217) 

Thus multipolar rnai hines having a multiplex lap winding with* m . l 
and a m»niU*r # of slot* 5 exactly divisible by p. out ft number of sectors C 
not exactly divisible by m/>, although they m^y have indej>endeut winding* 
or a single helix, reduce to a parent two ‘pole multiplex machine having a 
wnglc ( lowed helix. • ** 

U. Wave-winding • 

t 10. m l. — Starting with a two-pole simplex wave-wound 
j mil him: such as Fig. 86, let an additional pole-pair and a repeat 
t>| the winding l>e inserted and joined up, as in Fig. 87.* The ends 
of each continuous piece of wire into wliich the original winding, 
when 0 |k:ned out, is cut are never on the same level. Hem e when 
the 4-pole winding is traced through, it skips alternate coiF of botti 
the original and m$ert<*l windings • 

In contrast with the similar lap machine in which the winding 
always remains a single closed helix, the stftm**two cases which * 
uruse first in §9 already become f>os>ibie in the multipolar derivatives 
from the wave machine with m IV If as in Fig. 85 y # is a prin\g 
number to start with, the w inding when multiplied a^w^ys remains 
a single helix (c.g. with 4 poles irv lug. 87). ‘But if y g is not a prime 
number to start with, the multiplication of b' yr of C' or of wby£ 
may cause > or C to* have a common factor fi greater than unity 
with y tf , or mp to have the $ame common factor with C =» fC\ 
There then result h independent wave-wound helicp*. . 
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Since in the 2-pole machine with <*' I. after oiy coil ha* been# 
traced through, the distance traversed lias exceeded or fallen short 
of one exact tour of the armature by one sect hr, the excess or defi- 
ciency after two coils have l traced through in the 4-p»le 
derivative will 1 m* 2 sectors, and alter tlur** coils have been traced 
through in the tvpde derivative will be d sectors Or in general, 
if (/> ~ I) pole-purs are inserted and *p coils are tiaced through, 
it will be p sectors Hut since m ** a,p h*s oecn retained umtianged 
anil this l, <i must Lx* p, *>nd a multiplex wave-winding 
with a - ■ p ts obtained. The <T»mmutolor j>itch which in the 2 pole 

/»uS‘ 

case was y t ■■■■-. rV -a I remains unchanged a> - j l, but there 
nuv i c-ult a 1 K. higher thin l between w/> ami (* or bytween 


cS I and cS. 

Thus any wave wound multipTu machine which has a numlxtr 
of sh*ts r \ai tlv divisible by p. *»r N /eS'and a p. ’s a derivative 
from a parm! 2 p>le simplex wave-wound mnhine with V slots, 
a l and the same value of <\ 

If the actual vundtng of the derived nfulnne be tia«cd out when 
it i email)- a single t losed helfx, the irimlMT of slot pitches passed 
by m following the winding ft<un a given [want to the next equi* 
pitential pant in ai« i »-sion (wlu-ie lx>th the position of the winding 
m the dot and tlie dot pout loll relatively to a pile of 1 lie* same 
sign ate fep uh d) 1 i-> v t . S p. 1 he commutator pit* h y # being 

, S ’ ; 1 tins ^ t crtial to $ . | ■■ . Now in oi del that V c may Ini 

• P P 

pi nne to p. cV mud be divisible by p, \ C. t S' jp a wlmli* number. 

I llel e)< ‘I e the i quip *tential plt< ll Ml slot s is equal to ,S" slots passed 
by cS' p tunes, ic to cS* exact tours tound lie- aimatuie which 
i am el out, plu*i or minu* the resultant < quipitential pitch Sjp. 

When f e .Mid p have the ounnvai factor h hydh'r than I, thg 
numlM-r of *M«.t -pit < h< ->* passed by in pn*ecdtng ftom a given, 
p»int to the next <*qin potential point pi the s<rmc helix is 

Sf'* S . r 1 . Wlrn p is a fat lor in y € , this is an 

p A j /i ^ A ^ • 

exact number '* tour* Am l theielore there are no iep*iiti<»ns within 
any of the hehc v but repetition betwVen tl»e helnes. 

} 11, »« > 1 — Next, lei the frommutabir pnh <>f the original 2 pole 

%tk\ft -wound machine be i lengthened or shortem-d from y t « cS ± 1 to 
\ c S * ^ here m fs a whole nutrfber • I In the 1 jM>ie parent fttnc* 

p 1, there arc h helices it nt liat a^omunoti fa* tor A with C, ami in tile 
multipolar derr.ative, the H (\F. of mp and C mu»t, xt Icaut contain A'; if 
y iW and p have tlw/urthcr comirxJn factor t\ Ui^ numtwr of behtcn writ 
me to k t\ ami ,wh e-rg -• y f ;k, we finally reach aa many a* y e hel»ce», each 
making one trwir of the armature. l t # will be gathere d that, y, m the 

t Such 3uixuta4 sis forou the b^»»s of an article hy the writ er on ’* lUpet*- 
two* of E M.F. m Armatire Wlndnin ” {£kttr. t Vol.*79, p S58). 
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K multipolar wave machine ufcet the place otm in the multipolar lap machine, 
and it la tbef*(o4« u/Vi to go through the caeee in detail. The re*ult» 
will be followed from Table IV, page 247. 4 

§ 12. Tb$ equiTatoyt ol the two-pole lip and watt parent 
machine*, and of the dervahve* therefrom. lt ran now be followed 
how cloudy equivalent a wave winding with Cjp or cSjp a whole 
munlicr is to a lap winding with the same value-* of c and S, so long 
as all Uhe 2p jw>v.ihle set*. <J brushes are applied to tin* commutator 
of the wave machine. In both there always results a number of 
pairs of parallel paths, u r p or a* multiple of p. In the 2-pole 
machine with the sumr ,numbtN of slots and sectors per slot, the 
same value of m and' the same back and front pitches, the same 
roils arc traversed in the same sequence in each aimiture path 
from bitis(i to bin .h, whether lap or wavc-< onnec ted, and the 
order of haVri^Kig the a« t u al ( oil-sides ran even be made the same. 
The winding*, are theiefoie practically identical. In their 

fiiult t(N »Ln derivatives the roils are, of course, not traversed in the 
same sequence, since tli^ wave winding proceeds at once in strides 
from IhJ original to the nqient <oib, and with m ■ -* 1, the* derived 
wave multijKclar may have more than one < losed hefix ; but for each 
coil-side traversed m the lap-machinc in one armature path, a 
coiresjMuichfig coil-side oci upying exactly the same position relatively 
to another jk>1o of the same sign is found in the corresponding 
arm.it ure path of t ho wave wound machine, s*> that tho 1C M I\'s 
and circumstances of the two machines are so far identical. 

There remains, however, in the wale-wourtd derivative the 
difference that one or more sets of bru^ie* might be liftefi horn the 
commutator, when the at nut lire paths of the equivalent wave and 
lap mac Junes, both derived from a 2 -pole parent, would no longer 
remain alike. And thi-* t implies not only freedom from the effet t 
of unequal pole-st lengths, but aU> the liability to the objectionable 
feature of "selective commutation/' As jrientioned Iqter in § 18. 

* wave-wound mac hines even with a p, or a multiple of p. are not 
infrequently fitted with equalizer eonnre -turns, although they caq 
only then be rcqtpred to minimi^ the likelihood of "selectee 
commutation/’ If so lifted. th«Mvuvew»und machines can claim 
no advantage over the lap-vymnd nuc hine^o^v ^ ych an automatic 
check to unequal current division is set by armature reaction. The 
conclusion, therefore, is thaf whenever it is desired to have a p 
or a multiple of p, lap winding should be adopted in j>referenc^ 
to wave-winding. * 4 

| 13, Multipolar parent typo*.— The parent 2-pole machines 
have now been disposed of ; in all the remainftig types of parent 
machines, S' must have no common factor higher than I with p\ 
and for each number of poles *t here, wilV be one or more parent 
numbers of slots according to the number ol value* winch %' may 
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assume in the expression S' « p\ ± %* wit hou wits having a common 9 
factor with p\ as shown in Table V (p. 248). 

The first parent machine of higher order* will be the 4-pole 
machine with + 1 slots, followed by V' e 6-jx>le machine with 
3*t ± l slots, and so on. The principle** <}\ the preceding sections 
remain the same, with this difference that eat h addition must be 
of a set of pole-pairs equal in number to the oi iguul set p\ Instead 
of p occm rentes of the same FM.I*'., fjie nuiubei of occuucnces 
can /low never lx* more than /, and the numbci of points i»f equal 
potential that may be joined fogetficr by an equalizer Kumelian 
is /. Correspondingly the < qinpoteh*iai pitch in slots is y M SJf , 
or in coils or commutator sectors - - . c Cjf, and in elements 

- IW- 

In each case when m is a whole mnnbei, .ill the same vArants 
as have already been desailxd in connection with i J 2-pole patent 
will tw found, with the exception that / now aj*jvats instead of p. 
But theie now apjxMts for the first time the additional jxissibility 
in the n ave tnachit it of m Ixdng a proper or impiojH*r ft action. 

Table 1\' is extended to im lude th* first smliiase, viz.; — 
the 4 -pole p.u^it machine with S' - 2if, j 1 and c ■ - 2 n t -f 1 
whence m = - ajp } oi * or C .... is fractional \cp Fig. 107). 

TAHU' IV 


] AftlKV Vf A «IMV f 

Vl»rr». 

Nv cl 

UWTI (it 

«■>«« h 

brill 

• 

brinimi MiunKa, 

No ut 

No, oi 
touri of 
M(h 
UUi. 

(•rueral, l*p or ** v *. 

H.C F < t y ( t < ^ *> 

• * 

T.V 

III 1’ o| r f ’k *{»«! / i* /' 

*/’ 

"yJk'V 

1 Twio^.r - t. V • «. 

M m- A «b wf I 

Laf> CK J 

k 

V*' 

j V* *“ P 

< H.C Y. ot y^’k » . 1 f> U ! 

k‘ 

*r 

V*7' 

1J Foor-pok,* t ~ 

V w -a, ^ ,i 

tio , l*j : <* mMY * \ 
n «i piojwr of »m|*r.j<rr J 
t».»ri»n«, «r«v* <»!v ) 

• 

• 

h 

v v 

« 

r 2 f. ■> -/ ♦ »-, 

( v /V |»iirri' »o f 
* H « r cl 1 / U f 

k 

*7 

» 

v*‘f' 

f ■ 3 

* 

ax: 1 m * 

• 

• 

t r v. v *• f (x., i j.. 

•n.l nft. 




In ail multipolar "parent m^r bines and in all their derivatives, 
f e. when S «-* /*w, f x. and x is not zero, although the lap machine 
giving a — - »fp pairs of armature paths rnav still have any whole 
number «, of sector* per slot (lilto the two-pole machine and its 
derivatives), the wy vc-wound nWhine to give th' k same value of 
a must have t « pn r in order that cS = pn t {pn x + x) may be 
divisible by p~ The w rve-wound machines with 5 pn x -f x 
and c « pi t shown on the left-hand side of Table V, and the 
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4 derivatives frgm tkcAi which occur on the right-hand side, are t hen 
closely paralleled, by la p-wound machines with the same values 
of S and with n % made equal to p or a multiple of p, in that both 
give a *« mp. The rcsfmbLinie of the two is, however, not com- 
plete in the setose that ’the wave winding picks out the same or 
similarly situated < up sides to match those in the lap mach in e ; 
this is f< >i bidden by the fuct*that t 4 he number of slots in the present 
('ases ft never divisible by *ihc number of pole-pairs. , Consequently 
the |K>sit ions of one set of slots corresponding to a pole-pair are never 
exactly reproduced by the ‘posit ions of another set. Now the lap 
winding passes through ear If set in succession, while the wave 
winding pnx eods in strides (mm one set to another, so that in each 
pair armature paths the coil-sides of the wave-winding will never 
be situated exactly similirly to those of the Lip winding. 

It will be seen from I able V that when JS ••---•■ prt t f x, and ti 
is to be p or a multiple of p, the lap-wound machine is less 
restricted than the wave-wound machine in the jx»ssible values of c. 
Since these oises stand on the same finding in that they equally 
admit or do not admit of Equalizer 'connections, it may for the reason 
given in § I'J be now' stated that whichever a is to be p or a multiple 
of p, lap # w hiding is to be preferred trt wave-winding. Hut as 
soon as a is to be indrj>endent of />, wave winding with its possibility 
of tn being a projicr or improjHT fraction alone holds the field. 

| 14. Parent and derived machinei.~~A genealogical Ure could 
tluis be drawn up, showing each paren^ machine with wi a whole 
number which may be lap ui wave-wound, ami with tn a projier 
or improper fraction which can only be wave-wound. /C cording as 
y t has or lias not a common factor with c3' greater than 1, the 
parent winding consists of independent helices or of a single helix, 
or in general if W bo the H.C.F. of y # and cS\ there are /*' helices. 
% The class of winding resulting from multiplication qf the yriginal can 
. then be brought under a single general statement. • 

* Assuming y # and r to be retained unchanged, if / is the H.C.F. 
between 5 and />, then in the derived machine if the H.C.F. of 
yjh' and /is /', ►hete 4 ire h'f' helices, each making yjh'f touir. of 
the armatme before closing, and Wf* /uthe*H.C.F. of y t and C 
for the derived machine. • f n shortened fofrta^fchle IV f illustrates • 
tire process of derivation, and* by inserting tjie proper value of v f 
any cast' coming under it can be analysed, yjh' is a whole number 
not preseut as a factor in C, curd, therefore, fixing th^j number of 
tours of the winding ; but when C' is* multiplied by /, yjh' 
may then have a common factor; /' with / raiding the number of 
helices to h'j * and correspondingly reducing tlJb nupiber of tours in 
each. • 

When either m or mp is contained al a factor in C, h may rise 
to equality with their values. # lt is only id the derivatives from an 
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origin*! 2-pole that in the above statement ^ cambe substituted # 
(or/. # . 

| 15. The pootbl* nta* of <* in both iap.rid wave machines.— 

A complete list parent and derivative machines tor all numbers 
of pole-pairs up to p 12 is given in Table V. Although appealing 
on opposite sides of the central column 4, 11 \*di In* understood that 
the machines on the right-hand. side are not derived from those 
in the same r«*w on the left (the arrangcrftcrit l>cing puiely by pole- 
pairs), but from the machines fiver* in the same low m columns 
9 and 10. % • 

The values of a for all numbers o ( slots nnd sectois per slot for 
both Lip and wave machines are added, the sequence of miming 
in each row of columns l and 7 corresponding to in* leasing values 
of m (1, 2. 3 . . .) for lap machines and of v arcing sihit*s of $ for 
wave machines reckoning from In the latter, values of 

a above 2 or seldom occur in practic e, but are included to indicate 
the result that follows from alteration of the c ommutatoi pitch. 
Further, Table III has already shown that for a given vai.^e of p, 
the same values of a recur with different Values L»r v and y, giving 
the same product .tv. so that in*Tuble V to avoid unnecessary iej>e- 
tition in the can* of parent machines with the highei number of 
piles c is n<»t directly given, but in its place the value which tV 
must have. It will also be understood that any of the- alternative 
bracketed Values of N can be employed with a value of c or of x'y' 
to give a the.* values which4ippc.tr in the filin’ horizontal row. 

The great number of possible values of a that wave winding 
allows, due the possibility vn it of a fractional < leep, is apparent. 

f 10. Simplex wave- winding* (a ^ 1). It will luvr been noticed from 
Table V that all cases of simplex wave-winding (u a 1) app-ir on the 
left-hand side of the table as original typ'\ and^t »s of mOmd to collect 
these cast's and discover what values of c are possible with each value of r y> 

as m Table VI fp . ' 

It will l*; scenTh.it x’y* mu^t ]*■ 1 or differ from /> or a multiple- of j> by I. 
y' must not have any common factor higher than l with /* , and < ou.y«ju< inly 
the same is true lor ( 1 here is a g<w*t *h'«ue m t|ie pivuhle values for c. 

esyually when />’ is a prim*’ mohl^-r, provided that the number of slot* u 
chos«m to suit. # > 

But when we pass to^luphx, x . wavi w.Tuliii;;* with <i - 2, 3 , 

it will be found that each v-duc of a apjiear* on l*»th side* of laMe V. Jhe 
^difference thereby in<ko*A.^T*‘ing that m tin there are rep-titions of 

K.M.F. and in the <thcr cm. there are. none, an important consequent? 
flowing from it is traced is JJ 1H, 2h, ^ 

* } 17. The choice ot * oontmooosrCUiTent an nature winding — 

The choice between the various alterqat ive met hods of drum- winding 
for a contfnuous-curjrent armature; turns in the iirst place mainly 
upon (1) the value offthe total current / # , since upon this depends 
the question of the number of parallel paths q which it is advisable 
for the armature to preseift for the passage of the current, and 
indirectly the best nutnber of poles. In order to limit tire 
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inductance which retards the commutation of the current in each 
short-circuited coil as it passes under a brush, it is inadvisable for 
the current in any one path, or / ** IJq, to exceed 150-200 amperes, 
and to avoid an unduly* long anu unwieldy commutator, the current 
per brush arm should not exceed 400 amperes. With commutating 
pole* / may U* raisrd to 350 400 or even more ani|>crcs per path, 
when sjx*< lal occasion requires it, and tin* long commutator thereby 
involved cannot other wist* lw avoided. ^ 
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trial ot a simplex ^ip-winding* with each tod consisting #f a 
single turn only, is then to be recommended. ;tnd this as the best 
and simplest of windings ; hi mid lx* discarilNU-s^ly when rts use is ♦ 
forbidden by the considerations to bo named Jvlow. Tim practised 
designer knows at the outset its limitations and when it must be 
departed from, but for the beginner and W> experienced designer, 
it is advocated as the starting-point in every case. Vhe further 
considerations that may necessitate its abandonment are a$ follows- - 

(2) The magnet must not prove unduly h&vv or the armature 
cur* too king ; see Chapter XV, § 17. 

(3) It may head to a widtii of cumrrfutator sector jess than the 
minimum that is prescribed by mechankal and manufacturing 
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reasons. In anticipation of Chapter XIII, f 30. it will here be 
stated that the peripheral width of a commutator sector at its top 
should not be less than 0-190*. so that with mica 0030* thick the 
minimum width of the pitch of thcYomnuilVtor sectors is 0-210*. 6i. 
say, 5 nun. ; further, for preliminary ialcui.it ion the commutator dia 
meter may In.* taken as 0 75 L) f**r small or o f) foi Luge machines, 
where is the over -all diameter of the at mature, it* lessen the 
number of Motors and so increase then ’Unlth fo! a given diameter 
of commutator, the use of < <>ilj «*jch with 3 oi more turns suggests 
itself, but the increased difhculty*of tommutalio'h owing to the 
inductance of each shojt-c ucmted coil in* leasing roughly as the 
square of the number of its tum> inttodutrs toe tions next 
to be mentioned. 

(4) In all eases of coils with different numU-rs of ’ **i n< on similar 
machines, the < urrent / must vary neaily inveiselv to the square 
of the number of turns to maintain the \iiiic fm-dom from 
sparking. Generally speaking, in pr.utio* 

with one turn pi sett ion, J -s 2*.*> amjnies 
,, t\vo turns ,T J 5o 
,, three ,. ,, J 22 5 

(5) 1 he average V«dtag«: U'twerll fun adj.u rnt set tors, 2 p .VJC 
should »tfl exceed about 15 volts (( liapter X. § 13). and lastly 

(hi the number *>f settop ] w-r pde, ( *1 f>, should riot fall below a 
minimum of 15 of the number of dots below 10 even in small 
machines (t liapter X. § 15).* 

Whenever the total amp-res do not exteed 300 400, it follows 
from (ll and (4) that fiould bo *>. In sin h tass with a simplex 
lap winding for whn h q 2 />, we air led fl> a single pair of piles . 

Vet evpr^htr h* - diown tliat. except f.»r vary small outputs at. 
high 4-|K'le niajnrie is in general dieajvr to manufacture, 

since among other reasons the multipolar field renders pissible 
the uy of ffTtiiei -wound < hib whuli are in themselves cheaply 
produced, Further, the yoke and magnet u, rirrmt of the bipolar 
machine ^ heavier* and rWn though its field < upper may be less 
i than that of t h** *4 ; - V** machine. the*Wal (ost of the magnet is 
greater. 1 A 2-ptde ipagnet is thcrfcfnr$ put out of court by (2), 
and a C|- *le held magnet is murft more likely to exist as the standard 
pattern to which the designer must confoitn. From the data of 
the require*! output and speed thc«designer tan estimate approxi- 
mately what size qf arm.it tire core is suitable, and which of the 
st an thirds at his disjkisal fulfils the requirements most nearly. It 
will now be found that up to 300 ayrperes in mos< cases a simplex 

1 Se* Miktf* WxJkrr T^t and Design of Dynamo- Electru 

MaiJunrry. jip. II, 12. 
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(Up-winding 1 to/commulator sectors which are too thin, and 
too numerous (or economical manufacture, and ii the lap-winding 
is to be retained, recourse must be had to coils with 2 or more 
turns. I3ut a single~tu)n wave, winding in a 4-pol** field lias the 
same number of sectors as lap-winding with 2 turns p*r coil ; the 
former is then to lie Referred as cheaper (cp. Chapter XI, § 22) 
and better for manufac fur rag reasons owing to the size of the 
conductor being more stibi.t initial * Throughout the present range 
of amperes, therefore, simplex wave-winding (a 1) in general 
takes piecedem*: over lapjvinding. The only limit to this is in 
the case of such high speeds 'and low voltages that the number 
of commutator sectors j>er pile falU below the minimum of 15, 
when a simplex Lipwinding will be adopted in preference. 1 

When tkc ^otal amperes exceed LHJO, and a 4-pde field i.-> still 
suitable, the transition is made to single-turn simplex Lip-winding, 
the dividing line being drawn according to the circumstances of 
the particular case. 

Whet} i* > 400 amperes, the number of pairs of armature paths 
or of pole -pairs need not exceed a *» /J400, but as an empirical 
expression in better agreement with average cases may be taken 
the next larger whole number to a ~= IJ'J 00, and the next step is 
to try provisionally the correspmding numl»er of piles, viz. p s=» a. 
Assuming then a magnet frame with the required number of piles 
to be avaiLible and that it does not contravene condition (2) above 
given, single-turn simplex lapwinding will henceforth be in all 
cases adopted, but with the limitation that thosccombinatioiis only 
are to be used which appear oh the tight-hand side of Table V with 
i\ definite preference for those which permit of the full u>e of 
equalizing connections. The lapwinding ensures more positively 
than wave winding equal division of the total armature current 
between the several s<'.ts of brushes of the s.unc sign, owing to its 
freedom (torn "selective commutation," and the reason for its 
adoption in Reference to wave-winding with a « p in both cases 
has already been stated in § 12, apirt frvm the fact that the winding 
of the wave machine in such coses is slightly more expuis^c. 
The assumptions made before adopting the single-turn simplex 
lap winding have, however ^indicated the caW when wave- winding , 
again becomes the best, but now in its multiplex' tor m with a > 1 
and < p. These, with other exceptions to the general adoption 
of simplex lap winding, have now shortly tp be considered. % 

(a) Hie size of machine necessarily increases with \he output 
pr rev, per min., and it is not practically advisable to increase the 
length beyond certain well-defined limits (cp. Condition (2) above 
and Chafer XV, § 16), so that it is the diameter father than the 

1 Occasionally u 3- turn Up winding wUfy work In more conveniently than 
either a single-turn or 2-turu wave between which' it falls. 
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length of the armature core In which the incftasc » actually nuukf 
to meet increasing outputs. Next, for every diameter of core 
there is a minimum number of poles below which it is not advisable 
to go. owing to the great weight t)f iron in the yoke (cp, Chapter 
XV, § 16). Tims whenever an output of high voltage at a low 
speed demands a machine of large diameter* but is combined with 
such a comparatively small current that p -• IJJtiO gives a number 
of poles lx*]pw the minimum for the diameter, a multiplex 
wave-winding will l>e adopted 1 

(b) Tlie same alternative of nvdtiplex wave-binding (*i < p) 
also enables the designer to meet tfie case when a pattern already 
exists in which the number of poles is larger than the cm rent j>er 
path calls for, and the coils or bars and sector - of tire lap-winding 
l>erome too numerous and small for cheap and c j*v production 
Even when the discrepancy lietwcvn the numlwr of jxdi-paus 
that gives a light and economical magnet -s\Mun and that given 
by 7**300 - a is not very great, between each pair of consecutive 
jxde-ituml>ers there often cm cur cases of outputs for* whirl* single- 
turn simplex la ^-w inding with t he smalfer number of jvl^- makes 
the machine heavy and long am! with the next larger nurnWr gives 
too many commutator Sectors. The larger numb'T <J pole-pairs 
with multiplex wave-winding is then to 1 m % adopted. Thus a foot- 
path winding (a ™ 2) can be used in an 8-p<>le machine,* and a 
4- or 6 jtith winding in a 12-p<>le machine. 1‘lie combinations 
of a tv-path wave-winding (it «« 3) in the 8 pole machine, and of a 
4-path wave -winding (a*- 2) in a 8- pole machine rue here not 
included for a reason to l>e mentioned in § 18 

It will Ik* noiicecf that the cases under (a) and (b) are in fart 
analogous to our first use of simplex wave-winding with four poles 
in preference' to a bipolar Lap-wound machine. 

(c) Ney. if the armature current Ik* large, the voltage low and 
the speed comparalivchkhigh, as in machines for eh c tro- deposition . 
or electrolytic purposes, and the numlvr of poles required by simple 
bp-winding is beyond tha! which tlie existing pattern of fidd- 
indgnct possesses or exceeds the bruit usually alh 1 for in commercial 
practice, two alternative* courses are open to the designer . A 

» compromise may. ii, tlie first place, Tic effected bv adopting the 
smaller number of floles and a mtiltipjex lap-winding giving Imp 
parallel paths. E.g. if the Simple Lip-winding leads to eight 
poles, but Jour poles arc otherwise* more advantageous, an 8-path 

1 A fowl example it found in the deign of a 500 H.P. 500 volt rolling-mil! 
motor running at thodow speed of 32 rev* per mip , Riven bv Mile* Walker, 
The Specification ami Vtsign of Dymamo-eUrtnc Machinery, p. 511. 

• Cp. S. P. Smith. Notes on Theory and Dsttfn of Continuous-current 
Machines, p, 38 where the pm anj com ^or the winding of a 350 kW. 500- 
volt machine %t 200 revs, ^per mis. are dearly net forth ; aluo Miles Walker, 
toe. cH. t p. 513, # 
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Ve Ufa N ** 3, 4/ or 6 as being tfa usual numbers of phases required in prac- 
tice, the condition i* sat lifted by nuking S' 3m, or 4a, or 6 m, in tfa three 

OMMSf. ' » 

Hut each multipolar tumbles wave- winding is also an original type which 
cannot be obtained by muiti plica ti4ti of tfa pole-pairs f k>m tfa two-pole 
wave* wound machine. In these case* again S' must be exactly divisible 

by S, and since S' now p‘n x -p x'. — must be a whole number. 

If /»' afa .V are identical, ^ ** ^ * canhot be a whole number since ^7 would 

A ts N 

then -« *j and this is fractional ; arid if,*' and S have any common factor 

P >n , » , 

greater than 1, ' ’ will only yield a whole number, wfan %' and S 

N 

have tfa same common factor as p ' and N. Otherwise, taking out tfa 
commor factor of p' and S would leave with a smaller denominator 
%* %» 

tlun :r, and their sum cannot fa a whole numfar. 

N 

Taking S «*• J, *1, or d, and applying tfa^c criteria to the simplex cases of 
Table VI. it 1* found that - 


A machine with // 2. 4, H, i.r 10 cannot fa tapped for 4 or (1 pleases; 

.. />' 3 or fcl M „ 3 or 6 „ 

p’ — H or 12 ^ „ „ . 3. 4, or 6 „ 


and within the range cwioudercd only machin*'-* with p' I, 5, 7, or 1 1 can fa 
tapped for nfurr 3, 4, or 0 phases 1 Since S* and p’ have no common factor 
higher than I, and .S' is to fa exactly divisible by S , it follows that />' inunt not 
bo exactly divisible by *V. 

In the possible < ane**. to determine tfa number of slots divistbU by S and 
conforming to \ given t y|n> p'n t } x\ the simplest method is to determine 
in tfa first place the lowest value of p'q 4- jr' which is divisible by .V, 1 «. q u 

to fa the lowest integer which wil’ make «. a whole rumfar, say 

„ iV 

Jb 4 ; then to Hu* numfar of slots {■ MS can always fa added any numfar 
*i of groups of p‘S slots. The complete expression for the total number of 
slots is then for S phases--- 

•< S' « p'Sn^ ;h MS. 


Thus, for S •“* 3, let />'*■» 4 ; then the lowest value of-4^ ± 1, which is 

tit visible by 3, is 4 X I - I — 3. and the general expression for 5' is P'*Vm, 

' ± MN — 4 x 3m, } 3 «• I2w, t 3 Hut if i>' — ft. and *' I. the lowest 

value of 5o p 1 divisible bv 3 h 5 x 1 f- 1 -m o. and P‘Sn i ± MS •» ft X 3m, 

£ 6 L>«, p 6, so that the ;h>siu ble numfar* of slots go up by alternate 

steps of 12 and 3. n * 

We thus find for simplex 4 wave win lings divisible inters phases the values 
of S' given in Table VII, 1 which also covers the 2 pole Up armature. The 
alternatives correspond to the ft r native values oiJ/m, 4- m* in Table V. 

Tfa slots having faen determined, the phase-pitch is in slots «* S'fS, 
or in coils or sector* — cS'/S. so that — ^ *■ 

Phase I is connected to sector or coil I 

U * „ 1 

„ ill .. 14*2 y* 

and 

Phase S „ .. 1 .. 1+ (AT, *!)?,» 


1 S. P. Smith, " The Theory of Armalurq Windings*" Jam*. I.E.E., VoT 55, 
pp. 22 and 32. 

• S. P. Smith, h* c%i. 
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TABLE VII *. • . 


so. Si 


Number of SJoti 

>. s* t 

when ; 

» 



pole* — 


• 

— 

— 

ST" ~ 


, 

pair*. 

P‘- 

s 

~ 3 

N - ■ 

4 

S ~ 

o. 

Type 

of Winding. 

1 

3*t 


4*, 


6*i 

' r 

lap or wave 2 pole 

2 

6*. 

+ 3 

— 

• 

— 




3 


12*, 4 

4 

. 9U 





12* 

±3 

— 


— 





1 1 5a 

± 6 

20*, 4 

4* 

' 30*, i ; 

6 

t 


5 j 

\ 15* 

± 3 

20». i 

8 

f. 3*84, i 

12 




2 In 

i« 

28*, ;t 

8 

*42*, L * 

6 'j 



7 

21* 

, :t » 

28*, ± 

12 

42*, ± 

12 | 




2 In 

j 3 

28* , i 

4 

42*, 4 

IS 



8 3 

1 24s* 

| 24* 

; dh 9 

4 3 

— 


..... 



*!<•* multipolar 


i X 

.38*, i- 

8 



j wave-windings. 

9 

_ 


36*, 4* 

16 

-- 


1 





36*, ± 

4 



1 


i° ; 

30*, 

30*» j 

, ±9 

, -4 3 

z 


:: 



0* 

i 

(33*, 

; ± 12 

44*, ± 

12 

H6*( ir 

12 



I 

33* , 

1 ± 9 

44*, ± 

w 

66* , j- 

24 



n 

33* , 

, ± 3 

44*, ± 

8 

66* , ] 

30 

i 



33*. 

, 4i 1 3 

44V, ± 

4 

6# -*, 4 

16 

I 



I 33 *; 

, ± 6 

44*, 4- 

16 

66*, f 

6 




| 20. The tapping of derinttre machines for N phase*. -In the case* 

given tn the preceding section. there are no repetitions ol Jh.M.F. and no 
points of equal potential to huh equalizer connect urn* can be attachn), 
and as a consesjuenA? there in no possibility of employing parallel path* 
in each phase For tlus to lx* possible the mult if« »1 .cr machine impd < on lain 
t repetitions of K M F, so that fine tapptng can l>c connected to / points in 
the winding at distance! of the equipotcnti.il pitch. y tr apart. Hut for the 
purpose of discovering whether there are accessible points in the winding for 
the tappings for N phases, only the parent m .'whine fotibwnmg .S' slots and 
p' pole-pairs which serves as the original must t*e considered. It is not 

therefore sufficient m multipolar simplex lap winding or multiplex wJlve^ 
windings that tK should l>c divisible by S ; the »t.n< ter*condition must lx* 
fulfilled that $}/ — S' or theMots includes) in one repetition should lx* divisible • 
by S , Tlic number of slots m the multq-oUr simplex lap winding must 
therefore be 3/>*,. 4 pn % , or ftpnfm the three , ases, \nd m the multiple* wave 
windings it must lx* f times the numbers given lor /*' ~Pif pole pairs. 

cLstly, in multiply wave-^indinft* ^t i« onlvathe \mmetnraJ windings 
marked in heavier figures cm the right-hand sole of ’l ab! * V which can be 
, tapped when a > i : fo.^hese are the ordv windings derived from parent 
machines with a' w 1, which alone can ^bc tlp|*d for .V phase* sshen S' is 
given its correct value. • . 

The phase pitch is y^ in slots «► C'/.V, or in coils ** cS';S, and 


Ftksw 1 Up* J* wkIot* c* coil I, • 

i. >+tr • nly H, 1 ' V 

rtu» u, * # • 

f*r M , ttr M f^| 1 * r W k* ,r m *• u } p» ' ,f ~ l) W 

Pto* 111, • 

I + »7,*. ' + + U!, pk Hj-Vr^ 

mkS PImmm S * * 

1 4-(W- Hf* V,* 4,r ** ** H,1V “ l)r 9h + V m 



360 CHAPTER XH * 

, NOTE TO CHAPTkR XII 

Armature Circulating Currents in Laf-wound Multipolars* 

When a Up wound drurf^ armature is displaced eccentrically within the 
bore of a multipolar magnet systenC tlie reaction from internal currents cir- 
culating at no load within the armature for under load from unequal dis- 
tribution of the actual armature currents in the different branches of the 
winding) tends to compensate for the inequalities in the pole strengths by 
which the circulating currents have themselves been originated. It is here 
assume/. that the armatures « msidrred are not fitted witty equalizing rings, 
since the purpose of those is an far as possible to prevent the passage of cir- 
culating currents through the brutfie*. yet it is only when they do so'pass 
that they develop to its full idle , .hove- mentioned property of automatic 
compensation. The exact m*** ■•hsiwm, magnetic and electric, by which this 
desirable effect is produced in the 4 -pole machine has been explained by 
Dr W, Lulofs, 1 ami the explanation is here repeated in a slightly different 
form, which doc* not affn t the principle. 

I. ,'ftie si^orriMim'd fluxes representing the effect of, %av. vertk.al displace- 
ment in line wf*h a |*>ln in a 4 pole field are indicated m Fig 112 (a). It 
may bo explained that it is here a matter of tmliffereme whet he: the magnetic 
lines (shown njxm ended) are closed through the horizontal p>lm and air gaps 
or whether tliey are joined up to form a two -pole field In the f.»rmrr case 
the direction of the luirs in the two h.ilvrs of a horizontal jiolc or air-gap 
tiding oj^msed, |he net K.MtF. duo to the horizontal js>les n zero, or physically 
speaking, the im teased and reduced fluxes will in nature distribute themselves 
almost uniformly over the horizontal f*4js and air-gaps, vnd if these fluxes 
arc for the present purpose reganled as greater or less than the normal by the 
same amount, there is no superposed flux to ifr considered therein From 
the K M F.Vshown by crosses and dots in Fig 112 (A) there arise what may 
fie called primary circulating currents. passing through a h half of the 
armature winding and uniting to flow through the top and l«>ttorn brushes 
and the lead connecting them. If r <**• the resistance of one of th»- four branches 
of the armatun winding, r* the resistance of one brush set. and R t the 
resistance of the connecting lead, and * v f*e the extra F .M F. induced m one 
branch of the winding under two poles, 

» • 't 

1 'It | lr> p 2H t " r f 2r/p h’ c 

From the way m which the primary current* are distributed (Fig. 112 (r)) 
the magnetic effects of the • ide conductors cancel out. and the net magnetic 
effect is that due to the ampere turns that arc left as shown in Fig 112 id). 
fly comparison with the direction of the currents in the doting .Vires on the 
poles which are also shown m Fig. 112 (if), it vr.'l tie seen th-V on th* actual 
WMigaefic circMi/.s of the machine (shown dotted} the general remit is a strength- 
ening or “ forward " effect (/•', !•’), increasing the normal fluxes on the one 
iide of the vertical diameter (the left .side with the assumed polarities and 
direction of rotatum)i ami a weakening tr " back " effect (/J, 11). reducing the 
fluxes on the other side of the vertical diameter line of the magnetic 

effect of the primary currents y» thus displ aieiKpO 1 * from the line ut the 
eccentricity. 

The magnetic result of the primary currents is therefore precisely the same 
M if the armature were d isolated hori zontaily (in our case to the left), and 
all the same phenomena of Figs 112 (a) (c) are repeated with secondary 
K.M.F.'s and secondary currents, p t ami /*, dispkiced through 90*. Since 
S. poles are now strengthened and weakened, the n« w superposed fluxes would 
be represented by the fluxes of Fig. 112 (a) displaced twuwds 90*, the pedes 
remaining stationary. In consequence- the new secondury E.M.F.'s and cur- 
rent* are represented by Figs 1 12 [b) and (c) similarly displaced 90* forwards, 

* Abhrrviatrd mainly from an aiticle bv th^ writer in EUctritta*, Vol. 72 , 

p 901. 

• J»un 1 EE , Vol 43, p. 166; and EUtiruUn, Vol. 70, p. 300. 
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»I 


♦ , . 

at Aown In Fig. 113 (#) tad (J). By analogy /,-* *? , ■. whan ‘ 

* T V| If* 

i»i» #» E M F. due to the magnetising ampere tuny o* Fig. 112 (i). The 



magnetic effect of tl*£ jwcondary curlVnU on the actual magnetic circuits 
of the machine wi^J be represented by Fig 112 (<f) with the armature rotated 
forwards through 9U\ It » thus displaced IfW* in relation to thg fluxes of 
Fig. 112 (*), and is in direct opposition them The secondary current*, 
therefore, oppose the cause, from wAuch they originally arose, and partially 
counterbalance the effect <A the eccentricity. • 



CHAPTER XII 4 


I n st ead of eoruidr rifle the effect oi theprlraary and secondary currents 
cm the actual magnetic circuit* of the machine, it would be equally legitimate 
in the present caws to credit each system with a two-pole field or a set of hues 
similar to that of Fig. 1 (a), but the former methoa of treatment is adopted 
»yK« It will !jc found to g r e the key to the cases of machines with more 
four poles. 

The combination of the two sets of currents, i f of Figs. 112 {c} and (/), 
yields the result sbowm in Fig 113 (a) and (6), with a resultant magnetic 
effect shown m Fig 113 (c). If. therefore, $ x and /, be the primary K M F. 



(O ' 

Flo. US.- 1 -Conjunct! primary and secondary effect in a *» 
4-polfc machine*. 

(4) *rwJ (S) The cwnhlrultoo ol (#) eot (/) (#) The toviHant M » pwt figs- 
'll Fif, 113. <im ton from 

and current due not jumnly to the sup'rposed flux representing the eccen- 
tricity considered by itself, but due to tins flux sr cm / down by tks amp+r*tw*s 
dui to 1^ and # t and f, be the secondary E.M.F. anfi current due *o the current 
/, as above defined, Fig. 113 (c) represents the' actual result in the 4-pole 
machine. The " forward " ampere- turns, F, partially neutralizing the effect 
of eccentricity, are proportions!! in tbk left-hand opret quadrant to the sum 
/i *f /j : on the right-hand upper quadrant the fotwani ampere-turns, F*. 
are less powerful, being proportional to the difference I % - /,. Similarly 
the bade ampere tums, also neut^aliung the effect of eccentricity in the two 
lower quadrants, are B proportional to /, -f and B* proportional to 
J » * /j. A very small cunent / t will suffice to excite a email E.M.F. which. 
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oflriag lo ttw low mutaoce o( fhe circuit upon »ld{l» it net*, will pv» ■ * 
comparatively Urge wcomixry cumnt ; further, owing to the ineffective way 
ia which the secondary ampere' turn* are linked wit^ the original magnetic 
arc tuts, a comparatively Large secondary current wdi be required to produce 
much effect m thq, way of cutting down^he fiuxMtL to eccentricity. Cot* 
sequentiy the current /, much exceeds /», and thi conclusion at shown by 
l>r. Lulofs is borne out expcn men tally. If I t were negligible, not only 
would the effect of eccentricity be partially baiawad. but also the fluxes 
in the two upper quadrant* would be tdctobcal a;.»oi g themselves, and 
similarly the fluxes of the two lower qdfedrant*. In the ac tual m&dmy, how* 
ever, the effect#* always as if the ecormncify were riot only reduced in 
ammqil but shifted in direction, being mure or leas inclined to the vertical, 
as if compounded of a vertical and afhonsmt.d divjdjurmtMj. 

* ' . »« 




--o v %f {Ki 

''M'' w 


i q < q>k 

*> / v }■*) 

0 /*>/ 

^ , SM /k 

• *>„<•.< * 


*i 8uj>«rpo*ed^lui 
anting from tccsntftcity 


6 KMfl due Ultra to 


r CurreoU dut thereto 



fl 8y«tcro of circulating curranla r CoropontnU of Fig 10 id 


Ftc, 111* — kffcA of eccentricity of armature m a 6 pole machine. 

• • 

If the original diaphurinont were along an inter polar line, it may lie 
regarded ax the result of a homtflntal and a vertical displacement. In this 
came the currents / t and /, would retain the same - dative^ magnitude* fc»r each 
component displacement, but tiie tot Jt currents tiwmig. the horizontal and 
vertical brush set* womd Oven oecomc equal. 

^ It. Turning to the fl-polc fflachine, m whudJtbe eccentricity of the armature 
due to wear of the k t ' Ann JP iS * direct line with a pole flog 1 14 (a) ), the 
reduction of the flux m V*® ujiper pole and ita two adjacent neighbours due 
to the longer air-gaps may be represefted by a rmmtrr flux p* rawly analogous 
to\hat of Fig. 109 (a) ; the increased flux jn the lower pole is fumdarlv repre- 
sented by an additional local flux. These two fluxex are symmetrical, and if 
of equal amount, then withhhe same nuwtencaJ quantities as were employed 
in connect with Fig. 109, they give the K.M.F. n between brushes ibnwnin 
Fig. 114 (h), and the fwimary circulating currents af Fig. M4 (c) and {a). 
Th® brush connecting rings are assumed to be complete arcies round the 
commutator. One-third of each ring (shown dotted m Fig. 114 (c) ) parries no 
primary current, since the brushes connected by these thirds are at the same 

P °nwffl*b» MO UuU tlx ilLF.’i in «*fa of On branch** of the nnaatsn 
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t'hAB Anal distribution nt the primary circulating current* due to Fig. I 44 (h) w 
•imply obtained from Fig. 1()9 (</) tv folding it over on a horizontal diameter 
and adding the current* algebraically ; thus the current* m the upper and 
U^wer brain lies arc 49 f 37 d - M B amfwrr* (Fig 1 14 (d) ). and in the hon* 
kintal or side branches 11-4 114 -- 0. The system i$ *yinmctnca,l on cither 
Wde of tfw* vertical diameter, and the circulating current /, *- 8*Mi amp*. 
|*um«* in *er»*n through tsro branches <>£ the armature winding, two brush 
connecting lead*, two brudt win and the halves of two bi i»h set*. Let f t 
fhe voltage induced in one of the upf*;r or lower branches ; let r «• the 
resistance of a branch of the arm* ture’Windmg, r ^ ** the resistance of one 
brush set, and U 6 — the resintaru « of one lead short circuiting two adjacent 

lets of brushy of the same sign. 

-• , ‘ ‘ I hen 



Mkt 




and with the 


t luptcr XII, 4 

<b 

\ 

to l>»* pr.u tuailv 

• * 0 3r. and 

4p 

/ - 8 

1 u-u.S.id < I 


r -f 3% i 
assumed 


■ \ y Air*# '< •- nuvu < i-3 ■ 1 *' vH 

, • \ Je /•. Not only are nil brushes of the same 

jSfj) f[TID sign red k rd to the same potential, 

te ^ / but from the symmetry of the arrange- 

ment *dl are reduced to zero. There 
, * * ' is, therefore, unlike thr- c.u* of 

Fig. 109 (#), no dimur'tion *d the 
* i'*. 1 * ^ w) Magnetizing effect terminal voltage, since thr flux has 
of primary nmj>ere ( ondut tors m l*een assumed to lx* as much 

a 8 pole machine. strengthened m the lower half as it is 

weaknuxl in the upper h.df. 

In lire uusy mmet rual ease of lig. 109, the side branches of the armature 
winding each have an F M F\ v,/3, and the cu. rents of Fig, 109 {*/) are 

obtained by suijM"rjH»sing the two systems of Fig. 114 (*). The one gives a 

current 

' 1 *• + * 1 


F‘hi. 114 (/) Magnetizing effe* t 
of primary ampere conductors m 
a 8 pole machine. 


r I 3f # 4 K c 
and the other 


*4 3r* 4* H, ' 


0-0533 (I 05) 


22 8 amps. 


Hence in an upj»rr branch the, rurrent is 00-4 - 114 * 49. and in a lower 
branch 28-2 4- 11*4 *•- 37*6; in the side branch. 34-2 * 22-8 « 11 -4 amps. 

The ampere conductors of Fig, 1 14 (c) as acting on the magnetic circuits 
of the machine reduce themselves to t«e single layer of Fig. 114 (/), since 
any two wire* carrying current in opposite directions and symmetric*!? 
situated on either sole of an mterpoiar dotted hue, so far that magnetic 
circuit is concerned, annul one another. By comparison with the exciting 
wires on the |*>lc« it i* seen that the am f>cre -conductor* which are left have a 
forward (/♦) effect and a hack ftf) effect on the two uppfi and lower circuits, and 
twice as strong a forw.cn l (2 /•) and back (2 H) effect or\ the side circuits. 
The total, effect from F4g. 1 14 [f\ is then to increase the flexes on the left 
•toe of the vertical diameter and to redupe the fluxes on tike right-hand aide, 
I.#, to alter the pole-strength* on a line at ngFt angles to the line of the 
eccentricity as in the 4-pole cxwv And tins is in fact the universal law 
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!• the lap- wound multipolar u regard* the fint eite^f/rem the primary ca • 
cuUtinf current*. As before, this elect would br reproduced by imagining 
the armature to be displaced honaootally to the left, ^vu\* row to the super- 
pueed fluxes of Fig. 115 {•). The only ditfem* u that the displacement 



( a > 


( bi 





, yd> 

would now have to be nude not in the dim time o( > pole, but alonfcan inter- 
pn>*r lion b e t w e e n two poles. 9 Goqpequetnlyitb* distribution of ^ the new 
■utHrmaort tu idi dees not exactly reproduce that shown in Fig. 1 14 (a), 
but require* a new diagram a* given in Fig- II* !«)■ H“» difference in the 

»HN«) , ' . 
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picture* of the 4 wo* type rpnsed fluxes U ft charactemt ic of the machine with 
an untvtn number of pair* of pole*. 

Tiwn system of secondary E M.F.'s and current* is diown in Fig. 115 {5) 
and (0. The E M I', and the current in the circuit* on the horizontal diameter 
moat be double that of tlV other Li am: he* of tlir winding ** indicated by the 
double crosses and double ring* with central dot. The secondary current U 

I ** e% 

* r * \ U c 

The current It/, twice from one side of the armature to tl»e other, 

21 * by a direct lomu-f ting lead and /, t/i<i two lormtrrtmg *rads, touching at 
a brush but not re entering the armature winding uno the {xcteutial* of the 
point* in coutai : an* the jcnm» n 



V* \ 1 ft > 


if, 

^ S! 9 ® 

<t» 


I n; Ilti Comlnned primart 
and secondary ettev ts m a 
6 jx/le held 

(4) Ux* » ■.*«»’ HU tian I t»!?. Ill !.) 

a«> U k U S (<|. 

((;* | hr rrtuiCknt m.j<f»wiunvjr 4ir»j*t» 

»4X» tn. Irjfi. 


The magnetic effect o' the secomUrv current turn* when grouped on the 
original magnet ic circuit* leave as their effective residue the group* shown 
in Tig. 115 (tf), from which by companion with the /vxatmg ww** on the 
pole*, it will be seen that there is a forward effect (/•*') on the two Upper circuit* 
and a lawk {//*) effect on the, two lower, both tenting t»> compensate for the 
ongt Dating inequalities in thr pole strongth*. The fluxes due to Fig. 115 {d) 
would again reproduce Fig 114 (q), but m ©aoe ^opposition. 

If the original displacement had bren along an interpola* lit \ the primary 
circulating currents would have loen given by Figs, 1)5 {b) (d) t and the 
secondary by ITgv U14 {b) (d). 

The combination of the primary and secondary: systems in the present 
case, *.#, of Fig. 114 (c) and Fig 115 (c) yields FTg. 116 (c). Their net effect 
on the original magnetic circuit^ may be obtained by adding FTg. 115 (d\ 
to Fig. 114 (/). but it ts equally and a* yasily obtained from Fig. 116 (a), by 
can cell mg out pair* of wires which carry' the name current .n odpoeute direct**** 
and are symmetrically situated or either side of lu mterpolar hoc up to the 
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centre of * pole. Thu« Fig. 1 16 if.) t* njuivelent lo ltg»: lit ,f<l end 114 (fl 
combined, although this may not he evident at first wght “Hie Apparently 
fragm^itarv nature of the group* of wuprn-wuw m Fag* US and 114 (/). 
anti then umymmeintal dutnbidion »« relation tc* *N* mA*ueiK cm mu thus 
disappear when th# complete result is r%.ched, aft. 11 iorm no real objection 
tv , t |Jt correct new* of the mctlud emptied. It *u, oe wren from Fig lit' (M 
that a* before the final result is a part *1 etpnvhiatio.; of the fluxes *U»v« and 
below the hon/ontal. and a virtual displacement of if. armature along sarnie 
hnc inclined to tlu* vertu*! « Hi ».i» h maguefn mouu tfv rthvtiw amj»e»r 
turn* due to tV circulating current;? «v j •optiou.d either to ri± t 4 7. 
iH to 37, 7 t or 7, x> marked for r,vti vstf of the iiiuimlrirn’r F<*r 
uuantatati v r cab , uhilJon* they would have to lie inult iphed in »*a< h uvr by 
Mmtr fac tor to take int*> account the met tpai do not ai) 4 *pi.tlly embrace 
tin* entire dux of the urvuit • 

lu every um' when mne ib< svstf m of « s r * mating m; rivals has 1 *hu tlrariv 
r*tAbhshrd. the menial aid avoided l*v 4 it? p*rapbt -n.ih.i of im agmary 
xuperip'scd flew due to thc-v < urrrnts .vs jnt eriurdi.it* steps Hi the argument 
may W diseased with, and the attention riveltd Nobly on the ic» 11 t*ut 
am j* re turns a* acting ■ u rath » irunt • 

III 1 hr H-j*oie uh". a* might 1«* exited. more ; - a i> resemble* the 
4 iv'lr < a*e m that the hon/oiital displacement which ;•> \. dually the ecpiiva 
lent of the " forward ‘ «*r strengthening rttr, t from the jew aiv current turn* 

M !1 .ill the , It. lilts to the left < I the Vitnal and the < mu spoil- bug ba* U rlfec t 
,, u .ill (hr Iironts to the right of th- vertnal is <>m* again in ij|mt h^e with 
a p*»h- < «.n*e«pw ntlv xs in the 4 |*i!e m.w lnilf the Additional *n}»T|>o*ed 

Huv win. h would uni.-etit sin h a chspU nm-nt of the atmatuir re j * at# the 
original super p »srd mix from rcMimi-ity »n its distribution (although not 
m .(inoem d the lattet U- r<#at-d through a nght angle Hut in <ontmt 
with a 4 |h ib' mai tun-. sm- tin* pole-, win* h u»- most weaken, d afM strength 
«ned by the hoii/.-nt.d d. pia> cm-nt are .«! the ^aiur pUritv a. those wlrn h 
are w/ak*ncd and strengthened by tlie virtual dr*pia. etm nt , tlu primary 

NUi*Tpusrd t%i\ must U rot.itrd 1 Ku .ir^i tlitough . Mislead of forwards. 

m ,,jd«-t to give the nd.ua tluxes SmnUrlv tbr seion^ity K M }■ * 
and inrr-nti an* aU<. j -pres* nt^d in dire* turn b> the primary 1 M 1 s ^'d 
< urretit rotat-d / -i. A it ^ through W 

The dsstnbwtu-n <>t ^ mrents m the H ]«.le 4 a^- has 1- m worked <^t by the 
writer m the ab.vr mentioned artf. lr (f In ttu w». V-4 77, p ?N»4J. and need 

n*d here N* rel ated • 

J he general lomluvion for all lap wound mult ijx.lars is a* follow.. 

Idarntm it\ ot tin* armature within the K.o \< ^ up unbalanced 1 M l . * 
and a NVd« m »•! pnmarv nt. ulatiug » urn nt * 

Ihe magnet u . «. .t *.f tliew- strength*-!!, th- Ib.v-* * u <ue *.ub of the Idle # 
id recent n» Uv aiftl wTakrns the flux.-* on the other sub H^nce ,t j% vntually 
rcpiivaknt to ./ dtspbwemenf *-f the armatun along a line at right aiigb' ' 
to the it nr *d ountnulv , 

pve magnetic effect of this virtual dispi.uem. nt n. tv up a *.y*drm of mhom. 1 
arv K \I.K * and eurn-nts amdognui <0 tlu form* r. and m Jh- < w of mar hmrs 
with Tui even muiibr .d jxnrs .J x # . tlv re}- *tmg !u m to v.inr larger 

scale of value* With an old mni.h 1 <>f p b pans the '»rt »«d <l»\pla< emerit 
^s along an mtrrp.hw hue if the real -orntD.iiv is m hue with a pile, or 
rwr# wib # | 

The rnagnetn: effect <*7 the secondary .uvulating < urrent* tK m exA/ 1. 
opposition to the original eJU* t oi thdie4*entn*.ity f and partially wjj*ex it out 
* fbe combmatum of the two set* of current in the .vtual mar hi lie meAns 
m if jtl ity an Airu^nal distribution of current such that on each magnetic 
circuit torn* is more or ie*£ than the ruvmal nutnlwr cd amjs-re turn*. The 
Added (*r sfibtrAcbxl ampre turn* p^ti-dlv r*}uaii/c fluxes from the 

fttwra! tade#. and the is ilu* mitm- as if Uk- ;in»Aiure were dnvjdAced to 

A lww»er degree and«*’oiig 1 M»mc lme inclined to the true line ol the eccentricity. 
The lAfgir thft #ectmdajy currents a* compyed with tl»e jintnary. t|K* greater 
the equAiixation and the more n/arly^he remaining small virtual displacement 
m along the line'of wxentfK^ly. 
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<i)MINI i)i;s (TRHf:\T ARM.VU'RKS 

I I. Lamination of armature core to avoid eddy-currents. A* 

mentioned in Chapter IJI, tlu nv of an iron sup|>orting core to 
carry the armature winding either necessitate* its rotation together 
with the rotating wi r «r», or, if the armature is stationary anti the 
field-magnet revolves, implies that its surface is swept over by the 
moving by Id of lines. From this there follows the necessity for 
laminating tne core. Whenever a metallic mass actively cuts 
lines of flux, it Inc omes the seat of imlncetl K M l’Vs, which, unless 
prevented from so doing, will set up electric currents ; the direction 
of these in that part </f their path where the K M F. is generated 
will be at right angles to t**e direction of the lines and to the direction 
of movement. If, therefore, the » »u * whereon the active conductors 
are wound be formed of a solid metal mass, the latter will itself 
art inductively, and although the K.M.F.'s induced in it may In: small, 
yet, owing to the low resistance of the numerous metallic, paths 
open to them, they will cause large eddy currents, to circulate round 
the core ; the latter will then Weome heated, and power will tx* 
wasted equal in amount to the product of the E.M.F. and the 
strength of the eddy -cut rent multiplied by the ccaine of the 
angle of lag of the latter. In a solid drum armature the eddy- 
currents will flow in sheets along the length of the iron core, in 
opposite directions umjpr adjacent poles. The current -density will 
he greatest near the surface, where the rate of cutting lines and the 
induced K.M.F/ia greatest ; throughout the entire length of the core, 
and especially at its ends, the current-sheet under one pole will 
curve round on eitluv side and again unite to complete its circuit 
under poles of opposite sign. In all cases the direction of tne 
eddy -currents on the surface c*f the row* will he similar to that of 
the useful currents in the active conductors, since thcs« latter are 
expressly arranged to obtain, the best inductive effect. So long 
as the metal core rotates. o»- is swept by the lines, it remains impos- 
sible to prevent the induction of E.M.F/s in its surface, but it is 
possible to interpose in the paths which jhe eddy cm rents would 
follow such very high resistances as to prevent their attaining any 
appreciable strength. This is effected by laminating the core in 
planes at right angles to the active conductors, the edges of the 
laminations being presented 1 to the lines of the field, and each 
lamination being separated from its neighbours by a" thin layer or 
covering of some insulating material. The mass of metal is thus 
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broken up at the actual seat of the E.M.F. and transversely to its 
direction, and the subdivision must be especially perfect at the 
periphery, where the E.M.F, is greatest, iur.il E.M.F/s will st \H 
be induced transversely across the surface oi each lamination, but 
they will lx* prevented from acting summatignaliy or in series by 
the intervening insulation ; the current* that our ?** set up are thus 
reduced, and likewise the power that is a^soiUd (c/c Chapter XXI , 

§ 17). The ttfinner the laminations, the less will N* the amount ot 
the eddies, but the greater .the kiss ff space by the .insulation for a 
given over-all length of core, and the ^in^t to the advantage of 
further subdivision is reached when question* of the cost of manu- 
facture or of the loss of space outweigh a possible slight gain in 
efficiency. 

| 2. Discs for drum armatures.— The dw>\< nqatu: meats are 
met bv the use of thin discs, either threaded on to the anm of a 
central hub <u keyed directly to the shaft or assembled inside an 
external case when the armature is the stationary memlx*r. Each 
< <»rc-dis»- is lightly insulated from its neighbours on either sitle ; 
hence they makotlittle or no coat act with each other except tluough 
tiicii connection with the. shaft or case and the passage of eddy* 
cmrents along the surface nr through the iiuss of the* core fjom 
• 'lie disc to another is very largely pi evented. 

The discs are st imped out of soft annealed sheets of mild steel, 1 
and are afterwards notched with slots f».i toothed armatures. Their 
tlmkness does not #x< ml 0*025" or No. 24 (sheet-imn gauge), and 
in general tinges* Ix'twven 0-025" and 0-018" (No. 28) or«sav\ 0-8 
and 0*4 nun.; Mow th$ latter limit the reduction in the eddy-current 
loss within the core is so slight that it d»H*s not compensate for the 
im Teased cost of the discs and the great lalxmr in assembling 
them. l ! p to 4 fts-t in diameter, discs may In- procured as complete 
rings, earlilorinirf^ one stamping, but for armatureswibovc 40 indies • 
in diameter Segments are jrreferably employed, as the larger disc s 
buckle somewhat in the annealing pr< h ess Tind are unwieldy to 
handle. The waste, too, is less when the width of the segments 
is chosen to fit thwsize of the slioHs from* whit li they are to be 
# stamped. In slotted armatures each §M*inent should, if possible, 
contain a whole number of teeth aqd si ots. A small clearance of 
a few mils is allowed iA the widtlj of a segment as compared with the 
♦ pi oport ion of the cirnynference corresponding to the number of 
segments. *Tlit segment al discs arc then assembled together into 
a ring with butt joints in any one^ayer, but sq arranged that the 
joints of neighlxmrft|» layers do not coincide *n position (Figs.124 

1 See Chapter XIV. ff 4, 5. # # ♦ 

4 Th« drauty beytg 7*8 grammes jlbr c. era , the weight per tuper/iasl xprarr? 
loot of the thicker diraen««ta is 1 lb. ; % q»ckne»n of 0 020 (No. 26) U widely 
adopted, it* weight per *q. ft being 0-81 lb. 
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and 127), Eabh disc is either coated with insulating varnish, paste, 
or paint, or is effectively separated from its neighbours by an, inter- 
posed thin sheet of paper cut out to the required shape ; or tin* 
oxide, whic h forms on the? discs* after heating, and which is practically 
a nonconductor, is r died on to insulate the discs. When varnish 
ts employed, the disc s are v either |*ainted by hand or are jeassed 
between rolls clipping into a batlrof the varnish • if heated and put 
under pressure, the y will then adhere so tightly that' the whole* core 
is formed into a solid and contract mass. After allowing for slight 
inequalities in the thickness j>f the discs, and for the two coats of 
varnish, one on either side, and measuring in all alwiut 0-0006", 
fyun 90 to 92 jx-r cent, of the* total cross-section of the core may be 
toythed on as the* iu*t area through which the magnetic flux passes. 
" Insulined'" discs are largely supplied by Messrs. Joseph Sankey 
A Sons, in whic h one side is covered with a thin layer of an insulating 
paste. Paper, when handled as separate sheets to be laid between 
the discs, cannot be conveniently thinner than one or two mils, 
or 0-025 to 0-05 nun. ; ,thr net volume of iron in the core then 
amounts to 88 or 90 |x-i cent. of the gross volume In the case of 
toothed armatuies, an extra allowance < if I or 2 j*-r cent, must Ik* 
made for irregularities in the assembled discs, and a combination 
of the two methods is frequently empl«>y**d ; a thinner pajvr, 
less than 1 mil in thickness, is pasted by rolls *»n to tl»s sheet iron 
with vai nUh and at the same time dried, Indore the discs arc- punched 
in the stamping press. I he teeth then remauv well insulated right 
up to their edge's, and the work of clearing the* pajvr frvni the slots 
of the assembled cote is obviated. 

Annealing reduces tin* loss by hysteresis, but it is not practic ally 
worth while to re-anneal the discs after the teeth have been stamped 
oqt round their j*-iipheiy, if tins process is carried out separately 
• after the insicU* hole is punched. C ompound dies nwiy also lx* 
employed to stamp out the inside and th* 1 slots simultaneously, but 
only if the number of stampings in view warrants the first cost of 
the expensive die recpiired. More usually the slots are punched out 
separately in a disc-notching prtVss. t .% 

| 3. Construction of oon^uous-curreni drum armature tom. - 
We now turn to the consideration of rotating armatures, which 
to a large extent cover the samy ground xis continuous-current 
machines, since in this class, as opposed to alternators, the armature 
is invariably the rotating portion. ' « • 

In small 2-pole drum armathres the discs are usually threaded 
directly on the shaft, and held" in position fry a driving feather 
ninning along the length of the core. At the two ends of the core 
are cash-iron end-flange, tx tween which the discs are tightly 
compressed ; one of these is first driven hpme against a collar on 
the shaft, the discs are then assembled, and after compression by 
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hydraulic or mechanical means the second cnddfctng^ is slid on and 

secured in its place by a tightening-nut screwing on to the shaft 
(Fig. 117). The end-flanges are U*st keyed t * the shaft to avoid 
all risk of theif working loose. fru a gi«tn armatuie dwmetVi 
the maximum radial depth of disc is thus obtained , but m huger 
machines, especially if limit i|x»lar. Mijjk ient to 'S-ms tioti of iron 



I'li, 117. Snuill 1\vm polv «lrum atm.itui.- *..j- 


i«s Utt'd w it In ait using the {nil depth 01 difhiemr between the 
latlnis of the disc and t lit* radius of the 'haft. 1 he discs may then 
U* pit reed with holes tow.uds then inner edge m o*di* to lighten 
them and piuvidc air canals (Figs. 118, liW. ami N ) ) . or they may 
1 w* t ut aw^y on thr insule. four projecting lug-, being left, which fit 



1 19). ‘ For^irgiat ures above 22 inches in diameter it is ( heavier to 
employ <^i.scs of lesser Tlepth supported on a cast-iron hub, which 
is itself pressed hydraulically on to the shaft ovfr a strong key*, and 
the use of such a h^b is often extended to still smaller armatures, 
Keyways arc stamped on tjie inner fjpriphcry of the discs *o fit four 
or more iirnu o^ribs w^rich project radially ftom the central sleeve 
of the hub. The latter abuts a^ain*t a collar on the shaft, and lias 
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an end-flange; either cast in one with it or fastened to it. The tip 
of the radial arms are turned in the lathe to the correct diameter 
to fit the imide of the Jceyway*, and the shies of the arms are milled 
to the correct width to fit the notches ; the discs ;*re then slid over 
the radial arms and compressed by the second rnd-flange, which 




v mv • -v-<s '[?■ -fax* 


Flo. 120. — Hub and rml fUagt o( mwUipolAf drum armature 


is screwed directly to the shaf\ or, in larg r machines, is fastened 
to the hub, making the core r entirely self-contained. Fig. 120 
shows a large hub for a multipolar machine, with one end-flange 
cast on, the second end-flange being shown *at tfye side, and in 
Fig. 121 is seen the same hub with the discs partly assembled 
thereon ; Fig. 199 shows a hub also with one end-flange cast on it, 
but at the opposite end to fc the coupling. In Fig. 122 both 
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end-flanges are separate from the hub, the actual combined hub and # 
end-flanges being shown in Fig. 123 without the core-discs. A 
fixed Vnd-flange has the disadvantage that »♦ frevents the milling 
of the arms to their correct width V the fet rente end, so that \i 
central hub with two detached and suniUr end-flanges as in 



Fig. llfl . - Torr^diMJt bcirfg auwwrmbfiwt on hr.b. 


Figs. 122, 124-126 is to l>c rirottmended. At either end the com* 
pressing flange may In fixed io the. hub by studs as in big. 122, or 
bv bohs runnihg from §od to end yf the tore underneath the discs, 
as in Fig*. 125 and, 201. Other ipethods of fastening them are the 
use of a split ripg oflcircular or rectangular section which is sprung 
into a reccs* in the hub where it is locked by the pressure of the 
discs, or a l$ind of bayonet jeint, ftie flange being turned round 
through an angle after *it is slid on to thp hub ; in both these cases 
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Mhe dwc* arc kept* under compression during the process of fixing 
the kicking arrangement . 1 



When the diameter of the armature is so large that the core must 
be built up out of segments, these may lie Ifcld by bolts passing 
through holes (Fig. 124) near their inner edge, and clamping the 

1 Co. R. Tivingstone, The Mnk*niea! dtsiirn ami Consimtfcn of Gtntraiots, 
pjv. 40-50. 
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segments to the end-flanges, or tl* discs nuy*U k<$<*d on wedge- » 
shaped projections trom the hub, with the compressing bolts lying 



Fia. 12:4 -Hub and nul-pUtc# ol .inn atm* # 



Fig |2S.— Segment*! rorf'4»sc« k*y«st on hub anti romprrwd 
• • by bglts. 


Mow the discs {fife*. 125 and* 126). Tin* end -flanges arc con- 
veniently made in several pieces, each Ixing M*t ured against 
centrifugal fpree by screwl through # a flange on the armature hub 
(Fig. 124), or by lugs Engaging beneath a tumed ring on the hub 
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v (A, A, Fig. 125). Etch segment must be held by at least two bolts 
or keyways. Ur conversely to Fig. 128, the segments may be 



dovetailed to the arms of the hub by wedge-shaped lugs, so as to 
protect the discs from radial movement (Fig. 127) under the action 
of centrifugal force. 


Fig, 126. — Multijolar armature cores in construction. 


CONTINVOUS-QURRFST ARM A TURES 277 


Large armature hubs usually have an extension at one eiwl to^ 
carry the commutator sleeve, as in Figs, 12ft, 18$, and 199; or 
I he commutator is bolted up to the arms the ai mature hub. 
Very large multipolar machines ^uy hay .* double aimed hub, 
as in Fig. 12». with 
the nave split to avoid 
contraction strains, or 
they may be built up 
on the fly-Vheel ot 
the driving steam 
engine, 

In small machines, 
if a tightening-up nut 
is employed to hold 
the armatuie eon* in 
place, it is advisable 
to lock it by a sot 
screw, the point of 
which enters the shaft, 
since otherwise there 
is a possibility of tlie 
nut and discs shirking 
back thioiigh nuchan 
teal vibnttion. lhe 
nuts holding end -llangi 
by riveting ovri 
At either end 



in pla< 

t kr head^ of t hr 
t the armatuie. 


liu\ Im l-iMrle-d | >v '•pllt pms ot 
studs • t bolts 
eSjM' 1 ill V \i lu ll t 


*tten placed one oj n^.ir st«>ht mm plat--. uht< h mmu 


hed fc t line .lie 
In slip p< »I t till* 


\UW III// 


thinner da* where t^-ey are driven up against the end- Hinges or 
end-arriM* of the hub.* It must ift>t lie possible at any part of the 
surface to force the point of a tlfin knife blade # l*dwmUhe discs. 

In toot bedsores, if the teeth are long and narrow, it becomes 
advisable to back them up at the ends of the core with prong sup- 
ports of biUssoi malleable cast iron (higs 128 and 128), so that 
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not only the body d the core but also the teeth may be firmly 
compressed. Otherwise the distance-pieces forming the ventilating 
openings which are n^xt to !>e described are not tightly held between 
the teeth, and if of not* they may under strong e.^ itation vibrate 
slightly as they enter or leave a magnetic held. 

At intervals of som* J to 5 inches along the length of toothed cores 
(unless of sibalj size), air -Juris or Ventilating passages are foimed by 
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loo 129 -S|v>l writ led v«util<\tmg #h ;fnr ^irmatus ’ with < 
ring stamping) amt sp.uer (ter segmental stamping’s . 
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distance-pieces between neighbouring discs. Such distance-pieces 
may be of thin iron or brass of channel or L section riveted or spot- 
welded to a core-plate to form an air-disc as in Fig, 129 , of a number 
may be cast together in brass to form a segmental pronged stup, with 
wider lugs on its lower edge by which it is merely hooked under the 
core-plates as the armature is being built up (Fig. K40). In either 
case they must be mechanically strong, rigid, and well-secured. Free 
passages from to $" wide are thus obtained from the inner 
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air-chamber within the core t > the outside* so tixzi the air is drawn 
by centrifugal force through openings on the stirfcoe between the 
group of coils in the slots, the numerous blabs' in the air 'ducts 
forming a very effective fan. Theban mu*< nave an unimpeded 
entrance into the centre of the core, 
in smaller machines through s|xs rial 
holes in the end-flange*. It is 
especially important to keep the Ai 
way through tftc furimv toots of i lit- 
teeth as free as j*»sMbk\ so,that|the/ 
distaiu e-pieces should their be thin ; 
siiue without such precaution* the 
usefulness of the ventilating (Ins 
is almost nullified. 

pig . Kfl shows a completed cole With thlee all 
air-ducts are aUo Mrn in lugs. 121 and 200 
at eac h end t»f the <t*re lx*twcru the end flanges and diM s (as ill 
lugs. 125 and 201) have considerable* value, and do not tak* rp any 
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part of the valuable o.re-lemjth und<‘l tlic He-larc Most of the 
cores illustrated alaive hate "'Her tin?* <a-i on th<- md-flanfies to 
catrv the end-conne tyrs of barrel winding and flu- nbs which 
support tliosc’iiiiKs sckve As the^blades of a fan, or 1 airy wing* 
(Fiir. Bll} to dissipate the heat from the winding 
I 4 Avoidance eddj-currenti. All bolts used to hold the 
core in position and passing through the mass of the discs must 
either he so placed as to bfc ct* by rf lew lines as pr*s,hW (' *- near 
to the inner cir<*unifer*hce of the discs, well out of the path of the 
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* magnetic flux, as in Figs. 124 and 12 6) t or must be insulated from 
the core and end-plates by fibre tubes and fibre or mica washers 
(Fig. 132) in order Uxobstruct the paths that eddy-currents generated 
in them would follow (t idt Chapter XXI, § 18). 

In all cases care must be taken that the end-plates, end-flanges, 
supporting hubs, etc,, are not the seat of eddy-currents ; so far as 
possible they must be kept without the influence of the magnetic 
field, ‘'ml hence in order f o avoid eddy-current* set up in the thick 
end-plates by reason of lines curving round from the flanks of the 
pole* into their outer surface^ it if usual for the axial length of the 
armature tore to exceed that of the j>ole-face by to $" at each 
end. In drum armatures witl^ discs of considerable radial depth 
very few lines pass across from inner si<le to inner side of the discs 
through the air ; yet if they were worked at a very high flux density, 
a small percentage of the lines of the field would cross the internal 


• « 
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Fio. P2. Insulated lx tits 


opening of the discs. Any such internal held would remain sta- 
tionary, and would therefore be cut by the arrfls and sleeve of the 
central hub with consequent cddy-ctyrcnts. Ihe loss occasioned 
thereby would usually be small, but is one* among other reasons 
which limit the permissible flux-density in the core. On general 
grounds, as well as to tninimi/e any such loss, it is important to 
lighten the hub as far as may be consistent with the maintenance 
of sufficient mechanical strength. 

Again at each stage of the building up of the core the greatest 
care must be taken to ensure that the edges of the plates ate net 
brought into contact , the dies for punching the slots of toothed 
armatures must l»e kept sharp, And any burring 1 at the edges of the 
plates must be reduced to a minimum and afterwards removed. 
By such attention to details t is alone |>ossible to secure the 
minimum core loss from the eddy-c irrents that still persist. 

| & Mechanical strength of armature com. ~Yhc centnfugrt force of a 
particle of mass m at distance r from en axw about which it is rotated with an 
angular velocity of cu radians per second being the general expression 

W 

for the single resultant frntnfugal time acting on a oody of mass A/ «. ~ 
in a direction radial from the axis and passing through its centre of gravity » 

F - ->*% . , 1ST) 

K 
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Sinew «r - t ( we also have 




„ 2 *S 

Again, since w ^ , 
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Here r f u the distance from the a*is of the centre of gravity of the body 
considered, and v t is the velocity jer second corresponding thcgflo, Hy 
these formulae the centrifugal (on e from a sejcviatc mass, as t.g. a single pole 
on rotating held -magnet, is found. Whichever form i* uwd, r $ must lie 
known either by approximateValciffat u« or from the diurt-r.snms in the «a*e 
of homogeneous tiodies of regular shape. Jbuf <, ameleiation j»er wh j«rr 
sei from gravity, must be expressed m a imilar uw.t, t < m fret or inches , 
F »h thr u found m the unit chosen forMw* weight !♦' 

If tlvc fore -discs of an armature are complete annular rings, they ^orm a 
Immogencous cylinder, thick or thin as the i.vse may U* sul ve,i<d to a i wlial 
hirer of uniform intensity over the whole i ylmdntal ,o \ * . fadt concentric 
layer ; the radi.il centrifugal force is similar foi each elrm*nt*uy se< tor of the 
cylinder, and acting uniformly round the « yhnder is exactly analogous to 
a fluid pressure within its intenor, *» that it < atrees a resultant bursting tension 




across any r.ubal srdinti of the cylinder. 'Ihe ladtal force of each small 
wedge shaped element is balanced by the resultant of the «m umferr filial or 
hoop tensions exerted by the neighUxinug eb*m«its on each of its two radial 
aide- surfaces, together with the dif!er«*n»e of t.uiia] stress on the outer and 
inner faces id the ^lement when the force is tianxmitted from layer to hiycr 
through a tnicVrylinder I^i all mi* h case s of uniform r-tdial force, whether 
external or infernal, d f t lx* its value {*rr unit angle in ure tilar measure, and « 
if any diametral plane AD through the cylinder be taken (Fig 13 . 1 ), the 
rfsultant force acting across the double action An , ( D is the surn of a)} the 
normal components L mii u when the individual for *♦ of all the similar 
sectors of unit angupr wultlj are revoked at n$|ht .Viglr* to the plane in 
question. The resultant bqrdmg force acting on the douHe <rri\% section is 
Ft; • • 

therefore /. . / sin <i do «* 2 f v or on tl# single section AH on the one 

Mde is half this value, f t . The tidal tcnlnhigal force summed up all round 
fixes periphery as acting independently in a radial direction on each small 
elementary sector N-ing ssgnt jolwed by If. the force per unit angle in circular 


measure is J t «• 


'2n 


If a It; the radial rlrpth of the cylinder and b its breadth 


in an axial direction, The wngtc crem -section is ab. # Hence the stress on the 

• * /. 

material averaged over the section is ^ or 
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•Or, if it be preferred to consider the intensity M the prewuw per unit Inrth erf 
arc at any radius r, and per emit breadth in the axial direction, aa is more 

ntiial in the eaxeof a Vui^r shell, i e p « ■ it is evident that the resultant 

Zkto 

lev sum on unit breadth of the doutye cross -section is equal to the intensity 
of pressure p multiplied by the projection of the semicircle of radius r on the 
plane in question, t *. by h *•< 2 r ; whence the resultant tension is pf jier amt 

breadth along the cylinder, and the itr***s on the material w «--* ^ ■■■> ^ 4 

an. ’lab 

Ine t ;tal centrifugal force as alw>ve defined will be given by the same 
expression as originally used, namely, . w **r ... f* where, howevrr it 

f w c 

must lie borne in .lurid that, ‘although Wi* the weight of the whole cylinder, 
r f I* l n contrast to the previous ca.*e not thr radius to the centre of gravity 
of the < ylmder as a whole (since thin is zero), but in tlie radius to the centre 
of gravity of a w**dge shaped sector bf indefinitely small width ; the centre 
of gravity of tlu* cylinder an a whole l*ung at its cento*, the centrifugal force 
&ctu*g on it. an a whole is ir p», yrt the expression for the total turn of the 
elemental rmfufugal forces acting indiq^mtently and its symbol l\ are 
required in order to discover tlu? mtemuty of the force acting i**r unit angle. 

f,f M 2k average stress on the material of the i.yhudei due to the 

centrifugal force in therefore 

,* , r ' ... «>’ 
e ‘2 k . ah q 2n ah 

where ub in the single net .turn a. ros* the narp »w»*st jvert of the tort* 

Since the centre of gravity of a wedge shafted sector of angular width 20 is 

situated at a distant r ~ ^ ^ ^ from the centre, and & 1 

when 0 in very small, the radius to the , m trr of gravity of a s tall wedge 
xhaprd sector d iudeliuitely small width is 
have 


t \ I/' k? ! 


Wc then 


2 /\ 'V) 

‘ x ' .d if? k? ' 


H w the weight of unit volume, the weight If' of the whole ring is 
1 X K (R p f R t ) ttb. thence 


t'c " • r, '>' ■ j(^V I b l p R t | R*) x ah 

The average stress on the material * or finally 

r, . lab 7 


average 




?• R a R. 


R 9 ) 


m 


The same result in reached d we consider tne resultant centrifugal effect 
acting ax a single force on the h; If of the nng, and tending to split it across 
any diameter, The centre of gravity of the semicircular annulus being 

situated at a distance from its axis, r * ), and its weight 

Mng w , K l 9 1 ) y ah. the resultant centrifugal force acting on it 

as a whole in a radial dins tmn thnmg^ its centre of gravity tx’*by formula (57). 

~* f t>*.ab y ^ (Rj f. R p >R t f R*). The average stress on the materia] 

of the ring, if it bo complete, is equal to this resultant centnfigal force divided 
by the rim^ile session 2ah • or 

, « y | k, R, i- K,»J . 


average s ( 


* (« 0 ) 
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V ■■ 

If R t arts exposed in feet, *nd g in Wt per «* j*t fr*\ - 32-2, with 9 
wrought iron or nuid *teel of »prcifk gravity 7 ft, <», ttu» wtngfl* of a cuUt jkxit. 

** 4f» Uw , 4 And 

• 1 • 

average j < ». 0 IU5 * <>i* — {h* m * - f prr v<piuir in* h % 

*- 0 001 15 .\ * .- (A' 0 * * k'. k\ • h' t *) lb y**r • *jiUre nnh ( 01 ) 


where S n» the immler of revolution* prr minute ,‘>r for *ad inn <1 |v<»tn 
gravity 7 2. *t*» i^ tin- end flange*. a 44K ar.4 * / 

average * r - (MtuhMi \y *- *R * ; # h' h’ t - /<;•! 

. • 

If thr tore !«- miii m ^ h. with t hr winding 1 rid iu f>ki e i*v binding \um the 
aU»ve nnc of .i lv*m »gf urnu> cylinder A<»tV. u{««>n onr\ b\ n% own . riitrifuy.il 
four \\ rrpr* *!’.»* rd Hut while m the h>r«g..jug thr i / * nv * <•> unif* u<ut xl 
or h»M .j> strrs* h.i" alone Urn d» Wmim-d, m i<aht\ when tin inn* has .fpjue. 
» »aMr thukuevs m u>inj>Anviii with its di.«mrt< i tin nr ; 9 'iP«.s i- n«>t 
uniform **\rr thr whole radial depth I hr radial f< iu w< pass h*.m thr 

out vide MU hit r i- transmitted from l.u»r b> hivrr to thr . ,t* i u i with tin n as- 

my mtrtiMtv. U thr < yhtulrt t« solid. but agauii dni«.*-4 '.ward' thr inside 
* if* umh fi IM « if thr «)hnd«-| »•* |m'| foratril with n In.lr til * «>us« Tju. Ill e, 

mentioned .it thr out-»rt, in thr general * ,iv <d a. tin* k »\ limbi ♦ hire r* 

i .it . / i . . * • . s » 


dlfhtrmr of t .id ml stress on thr oiitrr . 1 ' I d 


hi* . d a Mi!..;! .V 


forming part «d ,tnv one «*>mponrut Uvri lints in .i hollow Hiuk < vhinb t 
thr t.ldl.ll >tio-. tiding t < * dmd«- inr him li*.m .in* 't hr! , .uni ,i< ting at 
light angles l>> thr * tr* imili r^ntiii stress r jr« n» ,»t thr ■>ufri .iinl mn» r 
1 if' winfrti m ci .md i* a. In % a m,i\in.«im ,*t o ju<- drpth withoi ti* inn Hut 
i ru though thr m.ivimum j.idnil -(n w t* udttig b> d»\i*h : *v , Uvrix ma\ 
not « oiiud« r.ibh- tin- »m|«.rt.iut r* -Milt i« d!* . vv ^ that i!i< iu*op strrs-* u* m* 
h'llgri umfo^n but \.UU * at ditlrlrilf d* j l ths. ainl l* a niav.mnm .it thr 
tii**ldr r*lg* IU I* a <<ll of thr lUUHllt »• V| *a»! *l< <U *>f th<- t \ lunh l uudf| 1 hr 
a. «nm of tl# * • ntnfug.il f*.|« r a Mu*- » \w •• a, m f. i tin !■**,*! (nv* must 

0 j • * 

toiifaui 1 i|vs* -u' » ratio wlmh f>>i nrtab m.i\ N- tali n a* hour Irimoi 

• rT 

\ wnd I In ni.br to lender tin pi*. Mem <ap.ibie of r-.lutm n. m tin * a-e of 
a olid homog.' nitiii*. ■ \ !u4lrt thr rtf.-i t of it , hngth u.iM U- ignored . the 
frauds are thrlid<<lr i«nb. -tnitll - true fot .1 n iv thill fhlt dis* but tlus«oj)r 
'}*on«U t'* the * a'j of an armature tore diM , and ^ i mu Ii a *lr*i with a hole 
at H - » * idle >t »■* foam l that thr gr* ati -►t i.tlu.- <d tin Ine.p ■ tr* v» ulm h o* ( mu 
at thr mm i < m und'-i* :u*' f i> given bv the i \j‘ti '*!oji l 

'vV- -’be . i 1 M.’d 

’ v |,< C 4 i (1 a (I t * \ 


id with the radii rvprewd in fret, fot wrought non or 


*<■«•»«* ‘ fl4KH»29 X 1 i k d 25 }\* 0 * 0 75 H£, ib j^r vpMp- irnli . (h2) 

llrncr if thr (intrA^holr U- very t!y m.fviimirn vtr<s- is 

'r ...» " 0*V**»W Vt * V 

* while cmj Ihr Mine Assumption of \ very vrp.ill hole the averagr Mie-.s u<«tjhl 
onlv l»r • t 

^ - 04Mgtti3 X’./V 

It will l»r> sr-en tfuit thr maxim nm stress would U* nr*4rly*2| tirru-v th«- average 
m viu.h xt\ extreme (.av'land rrmiinv as mm h :vi 24 p r i< nt greater even 


1 Kwmg. Strfngtk of \3ctirrial< /2nd niit hg 1 21H ( p. A. Jude, Ik* 7 keoty 

of tkf Skat* 7'*»r/u»f. ( hap XIII 5^e *!vo H \ fV*hrend " A New 

CrenerAtor for Ni xfisJ* I ; aJU,** Tram Amrr l L h., Vol 27, Hart II. p Ibhl . 

* • 
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CHAPTER XIII 


when R t f /f r Pot solid cylinders of considerable axial length, even 
the above more accurate formulae can only be regarded as approximately 
true. 

Thu* it i* only whet*' the thickness of the ring is quite small as corf* pare* l 
with its diameter that the radial stress which w «?ro at the outer and inner 
circumferences reaches so small a value within the thickness that it may be 
neglected ; no difference lirtwren the radial stresses on the outer and inner 
faces of an elementary layer then anaes, and the centrifugal force of each 
element is strictly balanced by the resultant of the hoop tensions on its two 
sides The stre** m a thin rim thi s becomes s»nsibly uniform over the 
whole Jross section, or the average and maximum values coincide 

Since in such a rase H § and R i are each nearly equal to the mean radiu* 

R m ***■ ^ the ex predion [R„ % | R 0 l\ \ ■ R*} in formulae «'du) and 

(HI) rediurs to 3 R m \ and'wc have 



where e m i. the mean vrhxity rormqionding to R~, 

Hence in tne aj>c« lal ease of a rim of small radial depth as compared with 
it* diameter for wrought iron or nuld steel, if R m ami v m are expressed in feet 
and feet per second, 

s e «» 0 001 IS S 9 . R m *. or 0*1 OS t' m * lb |»-r square inch (03) 

or for*. a*t intii 


s t O’OOfOH A ' 1 . R m % , or 0-1)97 v m 1 lb. per square inch . (04) 


The stress is then, as is well known, dependent only iq*»n the square of the 
mean velocity, and in lb. |*?r square inch is nekilv , , th of tin square of the 
mean velocity in feet |**r second. Obviously since in the aU«ve expression 
the inner radius is r% Kypolktu to itiffer but little from the outer radius, the 
outer radius or the (xnphetal verity may also N- used but with slightly less 
accuracy. 

We have, however, in most * ases to deal with rings of appreciable depth, 
and are then? fore mote interested m the max* mini .stress which holds m such 
cases, and ujxm which the bursting would m reality tkqx-nd f rom eq. (62) 
it will l>r seen that in the two extreme cases of a very thin ring a. id of a nearly 
solid ring, the maximum stress only varies in the proportion of 4 to 3-25; 
or with wrought iron a* the material, ftuin 0-001 la N 9 R 0 9 to 0 (**>91 S 9 R t 9 . 
lhrre is therefore but little error in all pra< tical i.,w in assuming the maxi* 
mum stress as 0-001 N 9 R 0 \ or if we wish to l>e on the safe sid^ m taking the 
maximum figure. 0-00115 S ,% R 0 9 . 

To this m the case of the toothed armature core must lx- added the stress 
from the centrifugal force of the iron teeth, ami also from tne mpjvrr winding 
within the slot* when thrse are closes! or locked In* wooden wedges. Having 
calculated the total radial centnfugal force R ( l from the teeth ami copper 
winding so far as the lattei falls on the » ore -discs, this mav U- regarded as 
distributed uniformly over the whole cylinder In-low the bottom *»f the slot*, 
no that if we retain R 0 t * signify the radius ♦»> the b-tbun of the slots, the 

radial trnsioh on the outer Mirfoce in / The hoop stress due thereto 

2 nh\ ,6 * * p i 

increases towards the inner surfscr, and there has the value * 

2R 9 l : * 2 R 2rcR 0 . b 

X*, The Tuaximum stress at the inner surface 

ffj /Vj ci # -f R( 

la therefore 4 


0 4)01 { 


iKab 


2R 0 

R 9 f R t 


(•«») 


where /?„ is the radius to the bottom of the slots, a > the radial depth below 
the slots, and b is the net length of the iron core with allowance for insulation 
between the disc* and for air -due 

There are, however, but few parts of a.i armature which arr only subjected 
to the direct stress from centrifugal force. Hu*< when the core is built up 
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Ottt ol segments to teasi by boit- through the endtUn*! on the hub, the** 
latter most toko tome portion of the centrifugal force of thetbaca in ditfcroni 
degrees according to the method of construction Again, the core discs when 
internal to the heMmagoct are subjected not oa.y u> centrifugal tore*, but 
also to a nearly uniform external pull m a radial hum the magnetic 

held. If the total rvalue of thi« pull summed \ p Jh round the armatuit' cif 
cumfereucc, as will be further rxplaned m Chapter XV, $ 9, t** P m , thr 
resultant tension a* acting on a single^ cross *■< ti*#b d a cure iomj***cd of 

circular discs will be, just as ui the caw of the*' rutnt.igd lone, 

Across a hongyntal diameter there is a furth«* additional sties* do# to the 
weight of the core itself ; if as the worst condition thr wnght <1 the lower halt 
is assumed to be entirely unsuj>j«>r by thr arms of thr^mb. thr triismu 

mi the double tros* section due to thr weiglft wp.ild l< m/ . Hum* forces 

reinforce the simple bursting stress fruu^ <« ntnfug*l‘ lv»i r, but the effect of 
the weight is usually negligible, so tliat tlir resultant nuuimmi sim- npi»H 
the material becomes approximately • 

}* • 

“■ *£ mu 1 _ „ A (bb) 


n . ‘lab 

If the armature is eccentric in the bote, tot 

a« ting 


y* 


in the iiUor must l«e 
half i >f the t > i . p in the 


substituted the total resultant pull P m „. ....„ .... .. ..... 
direction of its c» centric it y If therefore the o^mnuty is in the downward 
vertical direction, and it is Mipj*»sed that the arm.it me h.o simply sunk 
downwards while tilt magnet yoke-rtftg retains it' true ui< tilar sliaj** without 
deformation, the resultant pul] P m ' may l*e a; pr>i\nuatrly ot iiu.it « d on thr 
lines given in Chapter XV, $ 14. • 

Next, if it lie supjajsed that the armature uni is ngidls a:uh<»i<d at t-acll 
junction with an arm, thru has further to lw* louMdmd the landing moment 
oiling on th%core between each ]*air of arm**, and ir.uhmg its maximum at 

the punts of junction. Thr total tore* between * p;ur of arms is V * m * ** 
where « # is the number ftf s|Hikes or arms of the hub, and th.s tone is unitor inly 
distributed alcfltig a length “ rTm ( jhat the stress at the jmu tmn with .\n atm is 


‘’m t »’ .. 2”, 


I 

V' 


(«7) 


on the analogy of a beam fixed at both ends and loaded uniformly, / Iw-irig the 

modulus of Aw Sect fun, which by the usual formula for a* rectangle is U , 
• • H 

The core would thus become bowed outwards l* tw. en ^a* h pair of .arms, and 
the stresses in the core would be increased as compared with the case when 
tli# core suffers no deformation. Iwen the above cstim.’tc of tin- Uuuling 
momAit would be increased if there >**any unequal jnagdetic pull, as wdl h* 
described in Chapter X?, ^ 24. If the widfti of a jcole face exceed* the distance 
between two arm*, and the maximum indu^on in the air gap is regarded 
Vs holding over the Aholc of the distance between two arms, tlir total pull 

• . V ««• • In". . / 

which could occur between two arms^rould be- y x J0 , * .or since 

► t ju* It a maximum estimate, for the area of the periphery might le substituted 

• y » a 2p 

th* mullcr »4a « the 2 p jol e tuxt. i.^ |0 , x „ »> . whrr ' A in 

the area of one pole face in square incjie*. Hence in the above expression 
for r instead of P m would be substituted the imaginary value obtained 
on Ihc assu m ption* that the pull was uniform round the armature at it* real 

maximum value, namely, P m * + ^ MrrM ^ to tbc 

beiuimg moment u*addit»v#*to J r but, as thus calc uUted, it is not strictly 
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CHAPTER JS XI It 


correct and i« somewhat over~e#ti mated ; *% more detailed Analysis wouM 
hava to take ufto Account the stretching of the arms, which, Although 
considered above a* inextcmuble, would in reality lengthen slightly . 1 * 

Hut if, ax an approximation, tlir combined itrm is taken as the sum of 

tg and t M ' t we must tlwn Ifave s 0 P s* ' ff where f t is the safe penutwuWc 
limit of tensile strew* with tlie particular material employed.* Such a maximum 
value, f a f i firolwthly errs on tlu- high side, vj that a high permissible 
tensile stre^i nuy lie taken, ami for wrought iron or mild -steel streets /, may 
l*t re< konrsl as 14.000 lb jx*r square inch. 

Owing to the abundant strength of the sheet steel yv-d in armature cores, 
any such calculation is as a tide •mjx-rrtiiims (even when alSwame is made 
for any iwtideittal excess of sj»e<l which might icmr), except m the ( vu* *d 
very high perrph 'rat sj**eds such as witharrmatures driven by steam turbmrs. 
or of very targe si/e ; the ah >ve remarks are therefore only introduced m 
view of the in* rrasing use of high sjx-ed machines, to indicate the nature 
of the stresses to vvhu ft the armature core is subjected, and also on account 
of the general aj>j»li< ability of the methods and formulae* obtained to mauv 
similar problem* whn h occur in ihr cab illation of the rnethannal strength 
of various pax's of the dynamo * 


| 6. Mechanical strength o! armature hub*. if tin* m mat un- 
makes iV rt-vs. jht minute, and transmits HP ImtseV pnwei, 
tin* torque: or twisting momnit acting on tin* .tr mature is 

hp c w.ooo r: , up t , 

T m fvf.OHtl- . tilth iMitiinN. ror dvnuino 

2rr A A 


wuik tins may U: han Tiled into a nuur convenient form. If tin* 
output of a dynamo be Aik kilowatts, tin* actual jxmer which paxse* 
into the shaft either through the pulley «»f a belt duven machine 
or through the coupling connecting it diintlv to tin* ei.tuk-diaft 
AH 

of an engine, is A. ff , when? ?; is the efh lem v, in the ratio 

f l 

bet ween’ the useful JhiWti Riven out a. the terminals and the total 
powei ubsotlwd m ubtainhiR it. 3 by substitution of the quantity 
Kll\ reduced to horsepower in the above equation, ue obtain n> 
the normal torque 

Air 

J m * 85,000 inch pounds . . it>8( 

The eominerri.il efficiency of dynamos varies corniderahiv with 
their type and size, but in the greater number of rases it ranges fiofn 
70 in small to 00 per u-nt. or upirt? in large machines ; an average 
value, of rj is therefore atnijit 0*85. Thus the oxdhcteiit bn the 
conversion of the horse -power input into kilowatts of output may 


1 Cp. Unwin and Mellanby. Msuhi** Dtsign. Part II, p. 2^5. 

• See Nieth&mmer, Htrtchn nng v*td Konsimhti^ h drr (ibis ktlrtmma s<r hinrn 
umi (iUickstrommoiorrn, Part 11, p, 'ki9 ff.. from which the- treatment m the 
latter part of the present section is norived in part, and to which the reader 
is referred (or a fuller discussion of the whole subject. 

* In the case of a separately excite*! machine, the<excitvr of whivh is n»»t 
driven from the mam dynamo shaft, the power absorbed m the field should 
strictly be taken into account n* calculatir.g the commercial efficient' v. 
although in our present » ounce turn such' loss m the held stands outside the 
calculation of the strength of .shaft. 
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be taken on the average as > 


*746 • • # < 

: 1000 X ^ ^ ** 0*03. and any equation 

expressed in terms of horse-power must be diluted by this coefficient 

, N * k\\ 

to express it in terms of kilowatts, or 7 m 100, 000—; inch-pounds. 

♦ e 

If rr «s the output in watts, * 

* u> * 

# T m -■■■ KX) V inchqxamds, * 

where — - the watts jn*r ret. pc^mmutc, -T quantit\*lhe inqiot lance 
* ' • 
of which in dynamo designing has alieady Ihh-p mentioned. 

If then r 9 Ik* the radius * 

of the arm in inches (Fig. 

VM\ . or the distant e from 
the cento- of the shaft to the 
tip of the arm, when: the 
legislative to the motion is 
applied, and is the number 
of arms or spoke*. the force 
acting at the tip and tend- 
ing to bend the sj*»ke is 
T 

P t . « pounds. If 

r a A w a 

any point be taken along tl^* 
arm, distant l incites from 
its tip, thd leverage is /, • 
and the Ending tnomtni at 

that point under normal full hud is P m - ■ • m :< l. The landing 

r # a 

moment divide} J>y the modulus of the sett ion / ^ives the stress, 

• * l\l 

on the material at the point in question, i f. s b «=• - - - 

sftess due to the transmitted tonjue an os* a tiansverM* section 
taken at any jxhntJ inches front'd** tip *»f Wie arm. This reaches 
its maximum at the jun tion of the ayn with the nave, so that if 
* r m lx: the radius jd the nave, also in inclu^, 

s I,r / r ' ] z r 7 "«,( r# /f f ") 1,1 l>er ' n<1 ' ■ * W9) 

Or if the arm Uc of rectangular cross-section, of thickness h m inches, 
and of breadth A* inches parallel td the length r,j the shaft, so that 

. , x b m x A.* * 

its section modulus V 



In; 134, 


/, 


is the 


T 


~ * •* x , * . , lb per square inch 

n m b € x , 


(70) 
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But while the abqve gives the normal bending stress on the arms, 
this may be very much increased by sudden retardation of the whole 
moving mass, as by a short-circuit occurring with a compound- 
wound dynamo. The inertia ( A a heavy fly-wheel as in a machine 
directly coupled to a steam-engine, would cause a greatly 
increased force to be transmitted through the arms of the hub. 
'Die design of an armatpre hub must then follow the lines of a large 
wheel \#r pulley, and the energy that may be delivered to the arma - 
ture core from the actual fly-whee 1 of the steam-engine, as due to 
the greatest retardation fh«?Jt is likefy to occur, say complete stoppage 
in three to five seconds, must Ik* calculated ; the torque that is at 
tlje same time l>eing given by* the steam pressure acting on the 
pistons would also have to l>e taken into account, Further, it has 
been above assumed that each arm takes its strict share of the total 
driving force, and so is equally effective. On all these grounds it 
is advisable to take from 4 to 5 times the normal value of 1\ or T m 
in the calculation of the bending stress. 1 

The stress must thefi t>e </,, the safe permissible tensile stress. 
Since $ 4 is to be reckoned on a liberal basis, as at least four times that 
corresponding to normal full load, the permissible tensile stress in 
cast iron may br taken as high as 4,000 lb. per square inch. The 
arms of the hub must also be strong enough to withstand the shearing 
action ; this is uniform throughout the length of the arm and is 


1 In addition to the bending stnws at any .section of the arm there it also 
the tension from it* own centrifugal force, although this is of but slight impor- 
tance in ordinary cases. If the cross-section of the arm be u in fori i throughout, 
its weight is tv X (r # r n ) x section, and the radius to its centre of gravity 

e h f w 

is • t1 n . It* centrifugal force is therefore | , , <u* (r # * r n *) \ section, 

and the siren* due thereto vith cast iron as the material is from 5 5, 


I IMKUUH Kt . , . t . .. 

" * U-t ~ l r «* r * ’ *"• I* 01 " uu;n. 


the two radii tiring now measured in inches, i t. 


If* 


js # m 3-68 A** {%* r w *) x 10 • lb. per square inch 

Further, if the core is iti^ segments dc vetailed to the hub. th«?ro has \o be 
added the tension due to' magnetic' pull ; the total ntaximum pull that can 

act on one arm is. as in § Approximately -J* 1 10 4 * 

W be the weight of the* armature dorr, the proportionate share of its weight 

W v. 

on one arm will be and in each of these two Utter cases the stress is equal 
*•(1 * e 

to the force divided l>y the section. The total combined stfess*ut the root of 
the arm would therefore be *- 

P m * F W 


h + *« T 


« # x section of ar*o 


If, as an extreme supposition, it be assumed that the arms of the hub will 
also be called upon to withstand Yhe centrifugal force of the armature core, 
the second term must again be increased. Cp. Ur win and Meltanhy. Elements 
of Mmekin* thsign. Part It, p. 285., 
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equal to the drag or force Acting at the tip*of*ea$h arm, i.t to • 

T * 

Pi transferred without change to tpy transverse station 

»l A 

of the arm. 1 Then ^ * 



where or the safe tvorking stress under shearing, may l>e given 
half the vahic*of /,, or 2,000 lb. jvr squafy inch. J 

It will be found that there ij usually no difficulty in obtaining 
ample strength in the hul/against eijhu bending or shearing. 

When the hub is presses! on to the shaft by* screws or hydraulically, 
an excess allowance rising from 2 tf» 4 miU is made in the diameter 
of a shaft of 0 to 10 inches, in older to secure a sufficient ly*gpod 
diiving fit * In large machines the nave of the hub is *plit in oidei 
to avoid sttains from contraction dm mg conling, and is subsequently 
drawn together by wrought-iron lings shrunk on or by bolts.* 

In all < ases care must In* taken that sufficient surface is given to 
the tips and driving edges of the arms, anj fliat the di*«s aie^u'tui- 
ately fitted oi lp»\vd to them. If this piecaution be neglected, 
the diiving stress will aft<;i several Neats of use end by causing the 
etlges of the disc’s to cut into the arms, with the result tkat as soon 
as the least relative movement takes place, wear of the aims begins, 
and rapidly increases, until the core either in one solid mass oi in 
certain sections becomes loose on the shaft. # 

| 7. Mechanical vtrengtlr of armature shafts. Ai mature shafts 
are usually, of mild steel, produced by the Bessemer or Siemens- 
Martin process. The determination of the diameter requited at 
different parts of their length is largely a matter of experience, but 
nevertheless in the main it requires to l#e based on the theoretical 
rules appropriate to shafts which an* subjected to the combined 
stresses ofMousipii and finding. The calculation pf the torsional** 
stress due to*the continuous and steady transmission of horsepower , 
through a rotating shaft is an easy matter, since, as in the preceding 
paragraph, the twisting moment about the axis of the shaft or 

* AH* * 

T m = 100,000-^ inch-pounds. 

But torsion wjby no means tlie onjy sfress to which the armature 
shaft is subjected ; even mor% important is the bending stress, 
due to several causes, chief among w hich is the weight of the arma- 
ture itself. * In ring or 'drum armatures the weight is more or less 

* • 

1 Sire Vnwin, EUmtnti of Machine Ifengn fort p. 66. , 

• Cp. R. Uvmpytone^rtor Mechanical Design and domination of Generate**, 
pp. S3-38. 

* See Unwin and MeUanby, JZUmfnlt of* Machine Design, Part It, pp. 276 

281, and Kietbimmer, Beruknung * rnd KonttmkHon der Gleickstrommauhinsn 
nnd GDichstrommotoeen, pp*. 376-383. « . 
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uniformly djstritmfed over the length of the shaft between the 
tearing* ; in diseoidal and disc armatures the weight is more nearly 
concentrated at the centre, although even then the axial length of 
the supporting hub is usually a considerable mnnlx*r of inches. 
If \V lx; the weight of the complete armature in pounds, and / l>e 
the span in inches between tjie bearingson either side of the armature, 
then if we assume the, whole of 4he weight to be concentrated at 
one j^iint (Fig. 135), the reactions at the centres »f the bearings 


Q , R an 


If' 




' i , , •‘" ,i 


■M- tl 

ti I ‘t 


The landing moment 


'i r 'a ’ » 'i i 'j 

diagram is drawn as follows ; upon the direction of R produced, 
mark off a length rt/vtrpresentmg'tosome convenient scale the moment 
of a . about R, a negative or clockw 


- - 1 , 


-r 


~fc 


i. - • - 


”T.. 


lock wise moment being measured 
downwards and a positive or 
counter-clockwise moment up- 
wards. Join be, intei seeling the 
direction of 11 at d, and lastly 
join da. Then ahe is the moment 



lit*. I .'15 nuitiK-tu «li.i 

grain ^luc to weight of armat mr 
it fonmitratwl. 



1'n. i;X> ( nmjurH«in of l>rml 
in# moment Uiagrams dm- 
to weight, loiMmtt.m-d and 
distrd»nt*d. 


H /, ix'ing 


area of ?e,, and afni is the moment area of , , B 0 

positive, its area above the horizontal line tic is equally well 
given by the Urea of the triangle, abd lying bHwwn tlu* same 
parallels, when the base ba is measured upwards. 11ms the 
positive moment urea'afa/ balances a portion of the negative moment 
area, and the remaining shaded triangle a tic is the bending moment 
diagram, its vertical 1>rdinato< being proportional to the landing 
moment at conesjHinding joints of the shaft. The greatest bending 

moment is H . 1 ;* . , and in the case of Fig. 135, if we take ~ « ~, 

*1 If '■ If irb 


t ' 9 • 

it is but little different from that due to a ’oad concentrated at the 
centre which gives the dotted equilateral triangle hi Fig. 136 and 

m 

4 


B 


If, however, the weight is assumed to be uniformly 


distributed along the entire length between the l strings, the bending 
moment diagram is given by the dotted parabola with vertex at 
the centre (Fig. 136), thu greatest bending moment being reduced 
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• • • 

Wl . • . 

to B m *= -5-. Neither supposition is strivtiy true, and in default 
• ® * 
of an accurate sitting -out of the bending morfu rds a fair approxim^- 

1 „ If 7 

tion is obtained if the intermediate full line of pig. 1 3d a it h H m ~ — 

is adopted. * , 

Comparison of a laiye number *>f «lyiianv,» of ditferent sizes and 
types shows tlait the weight of the ax mat ufe is largely mdejxiiflent of 
the type of field, and may lx* e.wresied to a fair degree of accuracy 
as projjoi ti»*nal to the Jrds power of t)^* kilowatt* }xi few jvi minute, 



value of the constant c ranges 
from 6,000 in small to 10,000 
in large machines, but more 
often approximates to the 
lower limit, so that its 
average value mav be put 
at 7,200, 1 ir n U' a -7.2tRf, 



The length <»f the span be- 
tween the # lxarings in average 
cases is of such an order that 
we assume it to *1 h‘ l * 9b 

^ inches. The lxndiftg 

moment due simply to the 
weight of the armature as 
given by # the above formula 
will then be 9 * , 



u 1. , .4 



Flo, 1:17. -iWnidiug niMim*ni diagram • 
due t“ weight of armature and uf 
fly-whe* l. 


A1C HP 

» =■ 115, OtK) or 72,5(K> in« It i“»unds . . (71) 

& ^ » 

In engine-driven dynamos, wly?re the heavy mass of the fly-wheel 
is supported between the inner bearing of the engine and the outer 
or commut at or, bearing bf the dynamo, it will lx necessary to take 
this further weight into account as concentrated at a certain distance 


• • 

1 In alternators in the revolving portion it very u»ualiy the field* 

nvagnet, and this & combined with, or itself forms, the tty wheel of the driving 
engine, the weight will be conttdcraWy h^her than in a <ontmu<ju* -current 
dynamo with juvotviog armature ? owing to the great variation* of the 
conditions, c may then reacStf value# between 10,000 and 20,000, and can hardly 
be laid to be a constant, even in aiteijiaUrt* of <be same type. 
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from the centre of *the armature. The bending moment diagram 
may then be obtained by adding the ordinates of the diagram 
due to each separate weight, or we may set off the moment of 
w x about R t i.e. ac «* Wl t d- W x l x downwards, and join ce (Fig. 
137) intersecting the. direction of the fly-wheel weight IF, produced 
at d ; measure cb W x l x upwards from c, and join 46 and /a then 
ajdt is the combined bending moment diagram. The fly-wheel 
being supposed to be three timers as heavy as the ar .nature, and at 
the same distance from the c ommu*ator end that the pulley bearing 
formerly was, it will be se#n Miat the bending moment is increased 
1) times. 

8. Causes increasing the bending moment on shafts.— There 
are .dill, however, a number of causes increasing the bending 





moment which in the- above equations are en*irclv unrecognized. 
First amongst these may be mentioned the lateral pull caused from 
the pulley end by the tension of the driving belt or ropes. The 
pulley in belt-driven machines is usually placed outside of, yet as 
close as possible to, one of the two bearings (cp. Fig. 6) ; and a 
certain amount of bending stress must be v allowed, foi within the 
span of the shaft from the one Hearing to the other, over md above 
that due to the weight of the armature. If t T «= T$- T\ is the 
driving force at the periphery of the pulley in lb., o* the difference 
in the tensions of the two sidesmf the belt, the total pull on the shaft 
at the centre of the pulley is T t +'T V The arc unbraced by the 
belt on the smaller driven pulley being taken as about 0*4 of its 
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rircumference, and the coefficient of friction between .the belt and 
he pulley as 0*3 {these assumptions being such as usually hold in 
practice 1 ), T % + T t may be reckoned as «^37. This pull causes 
reactions in the t*vo bearings (Fig. 1*38) of values 






m: 


i, 


::tT 


Their directions in the plane of the pull au* as shown in Fig. 139, 
whence the bending moment diagram due to the ovn hung pulley 
is easily drawn bv siting 
off ab xs 37' (/, -f- l A ) on ^ , » 

the direction of /, produced | *■ 

and joining be. If the u — - — <M 

driving force and the weight •-*««- 

were acting in the same 
plane, the two shaded areas 
acd of Figs. 139 and 135 
could Ih 1 combined by add* 
ing together their corre- 
sponding ordinates algebrai- 
cally ; but in general tip* 
pull of the Wit acts horizon- 
tally or at right angles t*» 
the weigh* In order to 
find the maximum bending 
moment the diagrams must 
then be combined by taking 
the square root of the sum of * 
the squares of the ordinates Fit,, 
at corresponding points. 

This has been done in Fig. 

140, and frtuiwt.the increase and altered position <J the maximum 
bending mordent within flic bearings due to the bell is clear. To 
this has next to be added 
the possibility that there i'' 
a considerable unbalanced 
or one-sided magnetic pull, 
the nature of wjrrcli will be 
descriWd in Chapter XV, 

§ 14 ; any such puli will 
tend to d<41e</ the srtaft, 
and will -often coincide nearly id direction with the weight of 
the armature and increase the 'downward .pressure by at least 
one-third. Further, its effect is cumulative, the pull increasing 
the eccentricity of the armature within the bore of the poles and 
exaggerating* the initial effect.* 

1 See Unwin. EUmenU of Af*Ain*J>*sfa (1*09 edit.), Part I. pp. 446-453. 



bending moment diagram due 
to Ixdt pull. 
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I*io. MO ---Gnnlnned bending moment 
aliagran) <lue to weight of su mature and 
belt pufl. 
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Straining action* .arc also set up when the masses of the armature 
and fly-wheel are rapidly accelerated or retarded by reason of sudden 
rliange* in the arinlitiye load such as occur, e.g, in a generator 
supplying current to trarncar irfbtors /> 

When the maximum bending moment has U-en iletrrmined, it 
must be combined with the twisting moment by the well-known 
rule through which the equivalent bending 'moment is obtained, 1 
namely, 

/*. Wm 1*5 \<(/y i 


The moment of resistance of a circular section to Uniting is ~^f t d* 

(Ht98 ffi % , ami equating this to the equivalent landing moment we 
obtain 


d 


l 


IL 
0 -0BH/ c 


(72) 


where d is the minimum diameter of a solid circular shaft for a given 
value’of /|, and /, i^ the wife working stress of the material of the 
shaft , The value of f t which is form l by ex|H*rience to give practical 
results for the case of a dvnaino shaft ranges from 4,500 to 7,500 lb. 
per square inch, and H, being reckoned in inch-lbs., the diameter 
is theme found in inches. 

| 9. Deflection o! shafts.- - -Then* Still remains a second point of 
view from vliich the diameter of the shaft as deduced from the 
combined twisting and landing momeht must again In* dunked, 
namely,, the deflection of the shaft regarded as a liearr supported 
at either end by a bearing and carrying a more or less concentrated 
load. The amount of this deflection, although determined by the 
bending stresses, yet forms an independent consideration of great 
importance, especially in the case of shafts with a long span txdween 
the bearings. The shaft may t hen have suffide.it strength to 
transmit the requisite liorsejKiwer torsionally and to resist the 
greatest landing moment, but still may be too weak from the 
deflection point of view, since any initial deflection itself increases 
the one-sided magnetic pull by decreasing the* air-gap in one or 
other direction. «- 

If a weight IT be concefitrafed at a sj)ot distan* /, and /, units 
of length from the two bearings, die tidal length of sj»an being 
/«* /j -f / t , and if the shaft lx* throughout^ uniform diameter d t 
the greatest deflection of such a t*\im undyr its concentrated load 
will be* 


1 Unwin, Elements of St a*, hint Design folit. 1909), Part 1, p‘. 126. 

1 Unwin, Elements of Mockht* Dtfstfw, (edit 1909). Part I, pp. 79, 90. 
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where / is the moment of inertia of the section Vlndt for a circle 

is and E is the modulus of elasticity. For /*. may W taken 

as 30,000,000 lb* j*r square inch, >o that \vh<n If is reckoned in 
lb., and with the lengths and diameter nskoin-d m imho 


If* /i 

d 0-2S7 — ~ t ’ x 10 * indie' 


(73) 


ir ./> 
•18 7:7' 

and in the suite units as above 


If - /,. 


IF . /* 

0-0141 — X 10 * im hes. 

«* 


Strictly shaking, the calculation would require to he earned 
through for the deflection at each jx >int due to each of the weights 
corresponding to the armature and commutator , to the fly-wheel, 
and to the uiisymmetiical magnetic pull. 1 The resultant deflect ion 
would then In* given by the geometrical sum of the (ornament 
deflections at any pointy It will, however. suflice to substitute 
for IF the single weight Ji’ e which, v> far as the rcsuh.rit bending 
moment is concerned, most nearly represents the combined effects 
of the various weights, \V e being located at the sjxit wlleie the 
bending moment has l>een found to l»e greatest (as at d in Fig. 140) ; 
the assumption th.0 each weight is com ent rated will ha\e led to 
an error on the safe side in the estimate of H 

The resultant deflect ion da* deduced from li e must then be limited 
to an amount not exceeding 10 jxu cent, of t ho normal an gap as a 
maximum, no allowance twin# made for anv additional stiffness 
added to the shaft by the close-fitting sleeve of the hub. 

If all the \ygigbt were distributed perfectly umfynnlv along the 
shaft, there \toiild Ik* a great reduction in the* defje< lion, tlie equation 
Incoming 

• IF- . /* H' ./* 

- d - 7 ^j ; j 0-0088 , ^ X 10 * iin ’ - . . (73 a) 


only Jths of the deflection for the same weight < on« enttated at 
the centre of the span. » 

In practice the weights an* til some extent distributed along the 
shaft, although not uniformly so ; >>n the other hand, the above 
expressions* are only true for a sli^ift of uniform diameter. If an 
axial secfmn of the shaft approximates to a cubic parabola {i.e. 

1 For the full* procKiurc, see especially "The Bending, Vibrating and 
Whirling of ladled Shafts." by Capt J Morns, No. 551 of Reports and 
.Memoranda of tpi Adtmory ContmUUf for Aeronautics (H.M. Stationery Office) ; 
and R. Uvmgfctooe, Tk* Mechanical lUai'n and Construction of utntratort 
(Electrician I Si Wishing Co*), p. 75. * » 



LtiAfUiK Aili 


Oft f 


it r am Va . x r iwhere r in tin radius of the shaft at a distance x 
from the centre of the nearer bearing, and a is a constant, a condition 
which would give uniform strength under a load concentrated at 
the centre of the span), or to a truncated cone tapering from 
maximum d to | d at the entrance to a bearing, the deflection would 
lie increased as much As 1 $ times as compared with a shaft of uniform 
diameter. Kit her of the above rases more* neatly resembles an 
actual haft which is tape.ed towards the bearings, but in practice 
there should he sufficient strengtji to render it unnecessary to 
calculate the influence of the varying section of the shaft more 
exactly. 1 


| 10. Stiffness of shaft to resist centrifugal whirling. Great stiffness in 
the si art. is equally nccexxary in high-speed machines (or another reason. 
CofiViikr a *'op»r of mass Af. arid m ordrr to tdmuuate any tie Arc t ion due to 
gravity let its abaft be vertical ; and in order stilt further to simplify the 
problem let this mass lx? *o dispoxrd that it ran U* imagined to b»* con- 
centrated at one single point situated at a distance r # (roni the centre hue of 
the shaft. No rotor built by human hands but is hi some small degree out 
of true dynamic balance ~ it may lx? only from a want of homogeneity in the 
material— so that its rent re of mass does not in practice fall absolutely on the 
centre line of the shaft, and it may when running require to lx* represented 
by two (uiuentrated mavu-s arranged «.t different jm*ii<h along the a\tal 
length between the Insuring*. but this additional lomphcation is for our 
purpose neglected. f^et the shaft lx? run up to any constant angular velocity at. 
If tne shaft lx? then imagined to be forcibly retained in its truly vertical line, 
it is subjected to a centrifugal forte in the horizontal plane of the mass- 
centre and of magnitude A /<uV # •» F 0 . When the restraint is cimoved, the 
shaft under the action of this force must be deflected through some distance 
radially ; if c tie the force in the horizontal plane of the mass centre required 
to U*nd the shaft through unit distance, tn<* first defection of the centre- 
line of the shaft from the vertical axis through the centres of the 
bearings u r t — Fjc , and if r t be expressed as a fraction a of r g , Fjc ■» qr m . 
The increment to tne displacement will give rise to a first additional increment 
to the centrifugal force of AfoiV l «* F x ■» qF r Assuming the detiection to 
be always in the same direction as the centntugal iorce and the some pro- 
portionality between force and deflection to continue to hold for small deflec- 

t tions, there ensues a first increment to the deflection, viz.^ r, *>* 

which again gives rise to a second increment to the centnfugal force, and *o on. 

Corresponding then to F 0 -f* F k 4 F # 4’ . . . •* F % 4* qF 0 b 4* • . - 
the final distance of the mfiax -centre from the vertical axis through the bearings 
is 

r - r, 1* r» 4 r t + . . . s 

- f, t e, + e, + • ■ • 

Thus at each stage in the process the displacement releases as it were an 
additional deflecting force, ana the case is analogous as will appear later to 
that of two alternators in parallel with afl initial oivergence of phase between 
them which releases on additional synchronizing force magnifying the initial 
displacement. 

■■ - i * - • — 

1 In shafts proportioned to give a uniform stress throughout, Ur. R. 
Livingstone {Kite trie tan, Vol. 57. p 570) gives, as the average of a number 
ol cases, 

« - 0-01 18 x 10 • inches 

r 

where the weights of engine fly- wheel, armature and commutator, and the 
unbalanced magnetic puu are >11 supply added together to give W. 
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The geometric aene* will only luivc a finite sum if the h^»t deflection ?r # 
U 1*** than the distance r 9 o t q ^ f. and its value is then 


* * 

The force tending to straighten thr sltaft is .* *»nd this is equal to (lie 
deficit tmg tone Mm* (r p v »} ; i! then the p>tor is run up t v m U a spec*! that 
Mm* • (. $ Mrt* . - 1, .uni it would apjjcat either that t letomrs 

infinite or that r 0 mint tv zero, whu h i> t 1 h\f* tk< o m t ih« case I n put the 
same m a different forni.ssitue * 

, it Mvt* \t 0 i rj * •* 

Mo^t Wo>r 

t * 

i ■ Mt* r (.’» Mm 

If tti'-n < j \ . , M or i Mat* tin dA 'i>min«t- i n /ep». and f teKum** 
infinite II fi»r any given values of . . M am. r 0 thr * ;m r of t a" *oiinr< trd 
with increasing values of r>J i> plotted, it tlses vety steeply as i/ed appneu hp 

c. and finally disiipjvats in jmMfivr infinity 11 in the matin main al « qr*f«on 
Mm* is made torveed r, the curve returns fjoin negative infn 'tv ,#i a xrs xnd 
hramh * 

If vve express as A/-# t , fJf . and p« fM| is tile partn ular v our of o> vvhn h is 
1 A/ A V>* A 5 

equal to \ c M, t *„ rrW r 0 ^ I he equation and curve 

are then exactly analogous to those for the displacement of an und irnj**d 
os< dialing system a* in t hap. V I. § 23 pT A negative t would Hide at* trtat the 
mass t nitre has pasM d to a jxiMtion l**tw«-en tin- tniuc line of the shaft ami 
the true vertual unis through the bearing*, o that the shaft is lotatmg 
"Utsule the ^»s;tion of ,\/. and that the mass i litre js at a distant- t r u 
only from the vet teal axis .» 

The < asr is. ie.weyrr, physu.illy unreal as that of the utuiainp' d um dialing 
sv stmt ; a< lually Mot* mav rxierd , and must thnefoie have U-rn equal to 
it at a ierta\n critical speed vvhn h has been run thiough 1 he explanation 
is again t*» !*• sought m damping fop ex wln-h d<' n«<t apjx-at in I he amplified 
form of the equation 

When t h«“ imltalamc4 rotor rla** Udi run up to s,.ju«- < distant *q*eed less 
tlian the « titled s|xe<l. U*t its shadow l«r imagined to fr thrown by a lamp in 
front of it on to a vertical white vura.it Ixdnnd it 1 lie rdy of the di.tdow will 
then mv dlate to and fto, <#• the «entie line of tin rotor ‘s shadow will drsi nbc 
a simple hartnonn motion across the true virtual axi>, with a f?«*<jurwv 
equal to the revolutions | r second and with a <-jtam amplitude I et a 
l*emd now N- In ought up in the horizontal plaif of the mass ret it re and 
parallel to the wall, until it is just tou< hed 1 »\ tin roPu "ti< < in < a< h revolution 
The question* theft Where will the nuw <eiitie l*< at tlvst instant in the 
prevme of vmjv damping f< 4 o , 1 ami. if not in hue with the pc mil. what 
will l*c the amount of lag <tr lead, i *• what will U- the angular phase displace 
merit lx* tween r.viu through the jwnnl to the vertual axis nn<l through the 
rn^s < outre re.spci ttvdy ? I he ,»n>wrr is supplied by the usual equations 
given^n ( hap VI ^ 23, for linear nuriiaim.il os« i)latioi, . whuh are simple 
harmonu. f muttons 1 

Assuming a danqung jane promotional and opjMrwI to the ajq»arent 
^Htllating vehxity when the mass xentre is turning through a h;df revolution, 
say. front the front* to the back on the rit;ht hand sule <»f the vertual axis 
thmugh the Ixanngs, the tran^verst (ornament of the radial centrifugal 
» forte, growing ami waning, is a) wavs directed towards the right and passes 
through a maximum when The radius to the mass centre »x paralhl to the 
wall; the same also holds ior the tran\yerm* aneleration wlmh is |/mjxtr- 
tionai to th<* transverse fope A cyclic state of atfaur>> lx*.ng assumed to have 
Ixrn reached, the case is the same as tlA* ilanqx^l <asr of ( hap VI, <i 23 ib), 
when velocity and dispbkeinent are mtfrjnretrd in our uv as the inxtanta 
ncsius projections on the wall, t f as the transverse components c*f the teal 
vehxity and real dirplacement. 1 

• • • 

1 l p. Fig. 4 in F Ko>enlx‘rg s jiatwr, / t^rrw ffc /. , vol 42, p. A32. 

li—tsoain 
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Ah there ex pinned, al soon ax even the sriUJIest damping force is introduced 
into the problem, at speed!* below that for which Muf *» c or o» •» \UfM 
the vector of the dixptacement tags t**hind that of the applied oscillating force 
(apparent only in tuts*' cay) by some angle gradually increasing up to 90 \ 
while the ve« tor of the felulkitingtkpccd precedes that of the force When 
Mat 1 * * 4 r, i t at the resonant frequency, as it may 1*- c&flcd by analogy, the 
vectors of \jierd ‘and fproe conn ide, and the displacement lags 90' l>ehind. 
At)ov<* the rev man t frequency, the' lag of the displace me* nt continues to 
mtrease and for small values of the dumping factor/) rapidly approaches 180\ 
but nr|'* r rea* lies that v;flue at any finite speed. At tltt* sliced tn gri( giving 
icwnufil ffeqtiem y, the os* uiuhtig velocity always reaches tx maximum for 
any degree of damping. Hut not so tip* displacement, This always occurs 
|»r low resonant “vrequen* y, -.but while f* r small degrees of damping the fre 
quetu y giving the maximum 'displacement is but very little lower than the 
resonant frequem y, as the damping factor is w»< r eased, it occurs at lower 
and lower frequencies (Ve logs. 17. SO) . 

*S<>iiie projx>rtion of the applied force F itemg exfvndrd in overcoming the 
damping (one, it is only the < ointment at right angles to the latter which is 
effective in * ausiug di splat ement 'Hits *dfr*tivr compound is then not 
simply the sum of the geometin, series F 0 (l p 7 ? »/* I </* ♦ with 

eu< h ui« reinent of dispia* ement tin* angle ry Irtwon the vectors of th< ovil- 
latifig force ami dcplu* em**nt alters, so that for eat li of the stiqe, mto wtm h 
the pou ess has l»een mentally divided, the rtfentivr comp mint is the value 
of thqjforte at. that stage multiplied bv *»•** tj 1 lie final value of the effective 
forte is t he r»* ft ue F F„ <»>*» r; (1 \ y f y 1 P 1, and the ratio of the 
amplitudes of i lie imal and initial dt qtl.it ement - »> 

F / I y M \ r 

rr ( *. CIS 91 ■ 

*» * •/ ' '*> J . a* 

At the resonant frequency, y 1. but r/ 90°, so ihat although 
1 h*c omes infinite, its pn>dmt with cos r; remains finite * f 

the supposed i use so far dost rd* d but with the linear «>•, (.illation*. m a 
ditfeieiil j»laiie e* * lose l v i « pn .< lut rd pratttcally in the nudfiod use* I for 
balam mg high sj wed rotor*. 1 The rotor is m»>unted Ntvveen two l**urmgs 
win* h are free to move in on** plane horeoutaUv or vrrtuully- although 
their motion is i«mtn»IU<l bv -.ptiugs on either side of each plummet bio* k 
It is tliesi driven either llinmgh a flexible coupling or by a v rtn al tw it fa* 
as to eliminate anv horizontal <uiupotirnt in th*' driving f»*r*e), arid brought 
up to speed As the resonant, frequency is appio.i* led. the amplitude of the 
oh* illations m« reuses notably, but suite the damping tritium even with the 
plummer bio* ks mount c* l rtn balls is * oiidderable m relation to the centrifugal 
forte, the maximum displacement occurs slightly U low the true resonant, 
frequent v 1 he odor is run at some speed Irtow that for rrv «iuiio‘ m one 
three turn ; it is next t mi at etii./fv the .>tvtr \beed m thr 1 *»pp'site direction, 
atul m each case it is mucked on some turned portion where it just touches 
a marking punter I h*i bisector *d the two marks then indicates the side of 
the shaft on whn h lies the mass centre * 

f<e< timing to the certieal sliaft. let the whole of the procedure hr t dr* n bed 
III relation to one vertu.d plain* In repeated* in relati m to a so» ond vertical 
plane at right angles * A duplnate set of pro jr* turns or of apparent linear 

1 t- Kosenlterg, /ouru l l^f. , V«d 4.2, p 551, tig lb. and especially 
J, J. King Salter, *’ The Balancing of Kntorx," /V*v Inst Saiat Architects, 

Vo l. $2. p 15b. 

• Many variations are pmible ami an? practised ; thus eat h end may ’ 
require to be dealt with separately, and one bearing may b* looked fast. The 
rotor may U* run up alxnr the cm teal >p"d through a dutch bv a motor, 
ami then disengage* b from the chit* 1\ and alio we* l to run down 

4 The explanation «>' the centrifugal whithng of shafts by a theory Ivvwd 
on linear oscillations m two planes at right angles to one another, was due 
originally to l*rof. Miles Walker, and has now been described bv him m The 
IhdgnoMHg of i roubles »« T.teitrual Mai.^tues, pp. 1 17 T29, yw e : m preparing 
the present article (written prior to the publication of the last Wntmned f»n»k) 
the writer has been indebted to NU. S. NcviUe for much kind assistance. 
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oscillations and of oscillating force# u» obtained in tin* sftufhd ylanc. The true 
movement and forces are then the vector sums of similar pair* m the two sets, 
and these beiug alike, .heir recoin bt nation leads to movoinnit of the centre 
line of the shaft in a aide round the vertical centre- li t tluough the l taring# 
The phenomenon of centrifugal whirling*, thus hiki> a simple explanation, 
and the pu sm bill ties M ruuning through the critical sjxvd and id steady running 
at a speed considerably ,iUac it .ue lolly accounted /»r. 

As the sjx-cd is increased, tln^ radii o! maximum d* A» tu.n <r vlisplai rmriii 
and of the unbalanced centrifugal force graflualK diverge. and when the 
divergence exceeds the degrees cont;-q»c Hiding t«> it-sonaut (requeue), the 
mass - a, ent re has »ntwdl\ crept round into a j*o4t»on Niweiu the cciflie line 
ot the shaft (which is m agreement with tiie displ.ua im ut ) ami the <inlir line 
through the beatings. 1 he actual nation id tin; mass centj- is made up id 
two rotary motions, » «. of the loi.atou of 4 ho* rntir !,ne id the shaft round 
the centre line through the U.umgs and of the reflation ol ih<- mass cent le 
at milt the centre line of the .shaft. ^luring the yu e>> of luiimng up 
and ol passing through the * ritual sj«°d during tin- a* - delation pind, 
account would have to U* taken of the at dual c ojnjhiiieiil s < d t he » h.c.tgmg 
speed m the two planes, and the displacements alxive i-mti ■ o^aiVd for the 
conditions of constant sjved would not lx* rea< lad <m :i il tin* damping 
were very small, I he value of the lonttolhug lone c jxi unit displacement 
;s obtainable through an intermediary i.ihulatioii ol the giavit s ch (lei tion 
of the rotor shaft under its own weight. 1 tut evept m a simple i av where 
t lie load is practically com entiaU-d mar ttie <ciyie hallway N't wen the 
bearings, there are several value s of c t tepreMdiimg dilhrmi foi uis < *f di -t#*i turn 
of the sliaft. Mine the phase angle Ndwreli mass u idle ;chd lndMIllUHl 
displacement is hmifll during Udaiu tng to remain md far from iso at sjx-eds 
only slightly aN»ve the resonant sjierd, but t< change very lapnlly m-ai the 
« nln.al speed, it may N* concluded that the damping fai tor I. is h«s Ilian <1 
and lmue probably is < niy o 1 of h (ru p.p l ig -IS;. 1 he .c turn cause of the 

damping lone is t" l*e found m tlie air lintum due to the rotation ol the 
centre line vP the shaft aUmt the centre line through the Nainigs, when 
resolved into two coinpmrtits -ct right angles, and in the viscosity of the oil 
m the N armgs. 9 * 

Next let a magmt L* arranged at one side <d the vertical shaft <>pjH»stb* 
tile rotor, so a| to cause a loutmued pull in one direction, deflecting the shaft 
laterally. At very low sjx’-eds, the* shaft would revolve N ut into its tie flee ted 
|«o«tion But now the transverse comp»mnt of the unbalamcd centrifugal 
force would during one half revolution act m conjumtion with the inagm U<- 
pull and during the other half m opjx*sition to it ‘1 he Niulmg <d the hi ilex 
id the shaft would cause a loss by mechanical hy.-flrtc-Ms, and this would set 
up a reaction equivalent to harmonic disturbing buses in the two planch at 
right angles * 1 i*rr*< uinpuicnts would havi to N .uhlrd*to those already 
descriN-d for tlfl- simple centrifugal force, and the result would N- movement 
of the centre -hue cd the sliaft round the vertical axi in an elhptn al or I rt t 
riy: ca.se supjxewd finds its exact counterpart in the ordinal y rotor, horizontally 
suppeated and ac ted on by the uiudimtional force of giaviU 

The problem of centyfugal whirling flas^also Nen ^noticed from an entirely 
different jxnnt of view, and mm h disc ussion has N-cn expended on the case 
of a shaft which is at, one and the same time totaling and vibrating laterally 
if a shaft Mipjiorted Urtswi two hearings atid at rest is imagined to N', 
plucked to one sid/aml released, it will vfbratf with a cert.un frequency de- 
pending on its dimensions and elaxt.%ity. If the shaft is al the same time 
* rotating, as its speed is increased, the frequency of viljration gradually 
diminishes. Tins is due tc#thc action of the uni balanced centrifugal force 
opposing the rexisVince to deflection duello the elastic, stress in the material 
ol the shaff ; the centrifugai hrt'ce thence retards the yi hr at ton w> that the 
shaft takes longer to j>a^ fnixu its jxeutihn of maxim upi displacement inwards 
to the centre and 4hrntl outwards again. At some sfxrcsi then there come# 
a critical point at which the lateral vibration vanishes, and tlie shaft “ whirl#," 
ju#t aa a skipping-rope held a? its Iwo cftrenutiex and swung rdund. At 
this point the trtibalanced centrifugal force exactly annuls the righting force, 
and the periodic time of a revolution is eqval to /he ongmal jx-nodu. time of a 
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friend vibratioif wftWi I hr xhaft is at rent. 1 Thr Utrral motion of a vibrating 
haft tiring resolved into a number of harmonics of different frequencies, let 
n/ 2 ir tie the lowest of i h«*%r frerptmues, then tin* critical angular yhxity 
n whirling would lie tu ( . r .. =» k t , and the determination of o> crtt is reduced to 
he problem of finding tue lowenUlretpirm y of the transverse vitiations of 
:he shaft when it is not rotating 1 Hut while the truth of the facts last 
nrntiomd does hot appear to tw oprn to ipiestion, the difficulty remains 
hat in the ordinary ca.xr«l of pr^M tu e there does not apjx-ur to In: any sufficient 
anise to originate the transverse vibration whu ^ the theory presupposes 
Kor tlyx reason the simpler explanation first given apjxivrs preferable 

l*o apply it in older to determine the xj»*ed at which* the di^plat rmrnt 
ail! H .i maximum and which \\ill I twdow the true resonant sjieed still 
remains a < ompln ut«*d problem 1 hefjesotiant s|*eed must first 1 h* found. 
*nd to find this, <, the pro)* > 1*1 tonality fa< tor of the toutrolhng forte, must he 

i.ah ulated Im a single iom eiitiated mass M • r , on a shaft of uniform 
• M tu 

ifkuyctci, i. would hy <j H lx* f . where /, and /, are the distances of the 
• » *1 'i 

mass from tb* tent res of the Iwatings Hut when the diameter and moment 
of inertia of the several set turns of the shaft and rotor, as m practice, vary 
greatly, the Iwmdiug moment diagram must !*• retimed to that for an etjuiva 
lent shaft of uniform tliarneter Ifieme hy a double integration a deflection 
diagram with maximum value A t an lx* obtained graphically, anti the con 
rentryted four /* that v^mld give a similar diagram can In- approximated, 
from wlm h r h.'A. * 

(lie whole problem assumes great mymrtam e in the , .uc of dynamos ami 
alternators driven at high angular speeds hv strain turlfines or waterwheels, 
but since these are not here untler c t»nsitlera*iou. fuitlui treatment of it is 
postponed* It nets Is only to I*.- added that the gre.itef tin- thaiiit ter ami 
stiffness td the shaft fo| ,c given length In tween its Nanngs. the less the detlec 
turn t|ne to the initial la< k td a |x*rf«*« I dvnaum balam e. ami the greater the 
likelihood that the runiimg speed will fall Ixdow the « litn ,il '*|»e.-,f a < omlitiou 
whu h. whet possible. sht>uld always lie ami* d at 

f 11. Diameter of armature ehaft? It i-* manifest that the 
influence <d all the causes which tent! to stress the shaft is to a large 
extent imlelcr ruinate, ami we must* therefore in the absence of 
complete data fall back ujxm approximations which in practice have 
been totiml to give sufficient strength to withstaml the working 
slu h' ks ami stress's ami sufficient stiffness against vibration. 

hxpenence show's that in most cases satisfactor Vwvnrkfng can only 
U' effectually ciisuretl by taking the maxmmm bemlifig moment as 
about three times that winch would be due to the simple weight of the 
armature or in pther words, on the approximate u>sumpti< ns^ >f *§ 7 

fl • AH* # t 

n w , .vln.OOO , or .. inch-pounds 

# 1 * * 

/ 4 /> 

217.0U0 iych-poumK 

The twisting moment being . 

f . 4 AH • w 
I m lOO.OOU , or 100 
, N or 

• „ >//* 

- 63.000 - t 

1 A** g!wn in " Thf Rending. Vibrating, and Whirling o(,Loaded Shafts." 
by Gapt J. Morris (Jfr/torb and Memoranda c% the A drisorv CommttUt for 
AmmaHttcs, No 551 ). • ♦ 
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llit- equivalent bending moment is . * 

All a ' 

352,500 ~ , oi 352 — uuhq>ounds^ |74) 

HP 

~ 222,U)rt lmhqvoumK . 

. A 

It in evident that tin* l tending ai tiou w of f.u greatc’ mq>ortance 
than tin* simple toision, and iif o»n^i|^*n< r it is in the • vumate 
i >t tin* In-nding moment that the apparuitlv \aige faitor oi s.d«-t\ 
i if 3 must he mtunluced 1 he alienee <1 the U*lt pull in eiigmg 
diiven dynamos loughly counlet balam rd hv the gieatn 5yun 
and the share which the dynamo shaft takes m can v:?. t ? the weight 
• »f the tly-wheel. 

Inciting the intermediate value of 0,000 lh \* \ square m< h loj 
/, ill equation (72) we have foi the diametel <4 the "halt 



t 


Hv Midi equations the minimum diameter of the shaft ,^t the centre 
of the aimatme or yt anyepait beneath ai mature oi eommutator 
may practically be detei mined. Hotli the hub <4 the aimatuie and 
the sleeve «>} the commutator add to the ligiditv of the shaft, and 
if. as is often the case. !heie is a gap between these two, the bending 
is laigelv < oncentiated thereat , so that it is of thief im|MM‘tanc v to 
maintain the diameter to its full value A this sj*»t. hoi vety 
small arnu*tur^s # tjie shaft as given bv the above geyieial equation** 
may not be sufficiently stiff. so that \ to \ iu< h must be added to 
the diameter. In evet v < as<- any s|>e( lal < in uyi^taiK es of the design 
nftist 1 h* consideicd ; thus m dynamos with a very sm.dl an -gap 
or oi large diametyr witl^ a < oTiqgiratively* small deaiam e, the 
magnetic jmll due to inequalities in jhe strength <4 the several 
•fields and anv tendency to vibration must be sjks ially guarded 
against by employing an exceptionally '•tiff shaft. 
p If a key-way is to be cut m the sliaft fot keying on the discs or 
their supp^tuig hub, Airther allowance must Ik* made ; and in 
general tq give stifTnes$ at the refit it\ the shaft is visually there 
swelled out to a larger diameter than it has^within the Wanngs. 
Any such altcratiuinn the size of shaft requires of course, to lx* 
effected with a fairly large .radius in*>r<ler to avoid openipg of the 
fibres of the steel at the com A where the change of diameter is 
made. . * • 
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Dynamos driven directly by the engine are bolted to the crank- 
shaft either by a solid hall-coupling forged on the armature 
shaft or by a loose' half-coupling of cast-iron keyed to theMiaft. 
Sufficient space must be allowed mi one or oijier side for tile 
withdrawal of die coupling bolts. 

In the ( ase of traction generators which are subjected to great and 
sudden changes of load causing' large and /rapid interchanges of 
energy Iwdween fly-wheel and armatuie, t !»•- ai Utah dynamo shaft 
may f»e iclievrd of a large of the stress by prolonging the 

armature cast-iron huh' tp form ft unlplmg by whit h it may be 
immediately In »It t*<i to the fly- whet? 1 (ldgs. 120 and 121). I he shaft 
has then merely to take the balding moment due to the weight of 
the *ut mature at the outer heaving, and the sticks of driving is 
transmitted dim t ly from the fly-wheel into the hub and its * me* 
discs without passing thiougli the key oi keys by wlm h the hub 
is fixed to the sfuft. 

Within the hearing ncaiest to the diiving pmnt the bending 
mmnfnt is less than at'tfye i entie of the armatuie, and the diameter 
of shaft may be mticspondingly lydiued. The jmssiblc reduction 
is, howvvei , nint h greater m small than m large machines, situ e in 
the humor the diamctei at the centte i*. prnjxnt innately larger m 
older to give sufficient stiffness to the shaft. I bus in mat hines 
giving less than 10 watts per rev. |>ei minute the diameter within 
the beanng^inay he only 75 per cent. t»f the smallest diameter within 
tin* armature, and this probation uilUrise to^say, 90 per cent, m 
machines giving over 100 watts |**r lev. |ier minute. The diametei 
of the shaft within the outer or commutator bearing may be still 
further reduced, since the hotse|*>vver is abshil>ed within the arma- 
ture and the twisting moment Incomes negligible ; in many cases, 
however, for convenience of manufacture, the sum* diameter ol 
journal is retailed throughout, even though witluy [he one 1 tearing 
there is a surplus of strength, and in all cases a smull number of 
different diameters % dong the shaft conduces to economy in its 
manufacture. 

The above approximate tiguqcs Yequiry in evejy case to be checked 
by consideration of the strength of the journal. Thus in the wise of 
the belt driven dynamo i < Fi^. 1 the journal ‘next to the pulley 
is subjected to a combination of ^ bending 1 moment 'M . / 5 and a 
twisting moment T m . 

The equivalent bending moment 1 Is tlrtji * 

1 The weight of the pulley itself is not here Uk<4t into account, 

* lliiwjn. bUmtnts of Matkiiy IVrigi* (evtit. 1909), l\ut l, pp* 254-5. 
More accurately, if t is the length of the journal, ami if t x *=» the, reaction of 
the tearing against the tension of tha belt as before, the Ubntfing moment due 
to this reaction if distributed uniformly over the whole length of the journal 
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Equating to the moment of resistance of fht* circular shaft to 
ending, the minimum diameter of the shaft ’within the pulley 
rearing i> given by the relation * 

, n t iHm/\un' 1 

where / g as Ixfote may lx* taken as 6.000 lb *pr! square inch. 

In the outer Ixaimg farthest from tht # pulley there i,s n«» twisting 
moment, but tire Ixrnling moment is the combined result ^*1 the 
weight <*f the .fi mature and the pull of the lx i lt. 1'he hud on the 
bearing is l\ Vu*, J q- / t l, anil the bemUng monumi 1 < >f tins at 
the inside end of the shaft nearest to* t lit avmature is J/*, V. The 
diameter is then dedm ed from # 

\1\1‘ «<7t?) 

Sim e l is at present undetermined, the above relation can pro- 

r t 

visionallv lx* solved by substituting 


„ for where P is the 

P 

intensity of the pressure on the area d* /' n^thr beating profited 
on to the diametral plane, and must lx* gAm a normal \alue such 
as is found in pr.j'tne (*<v § Id;* Theme 


is r t 

V p ■ I, 


(77) 


$ 12. Fnction of bearings and their dimensions. With a < opious 
supply of oil well introduced lx*t\\een th<* journal «fnd bearing 
surface, and provided that the intensity of the pressure pel square 
inch is not sb great a-> to lx* on tin* jsunt of squeezing out the lubri- 
cant, the coefficient of, fnction //, y» far from being a constant as 
m the case of solids, has been found to vary nearly inversely as 
the intensity of the pressure and inversely a *#the temjwratute within 
the usual range of th»*se quantities. The relation of u to the vcltx it v 
is of a more ;brhplex th tractor ; up to 470 feet jhi minute for a 
given pressure and temperature, it is nearly proportional to the 
square root of the velocity, Iwtween 470 and 790 feet per minute it 
is mf>rc nearly proportional t<» *n while for speeds above 2,(H)0 

• «* 1, ^ . anti thi* amount must l>c deducted jfom the landing moment duo 

to the belt puli. true landing moment at ti»e centre of thr journal neglect- 

ing the weight of thr armature whicn may or mav not act m the »amr plane 
t» thus . 


*in 3/ t m 


3 T 


/. 37 


f( ft 4 l< \ 
H\ l t ) 


37%]/, 


?{ ft + f}\\ 


r 


f \ T 

rdf 


which must be Mibstitutrd %>r 3 T . l t 19 the equation for the # rqui valent 
bending momeyt. • 

1 Unwin, bUntnU oj Dtiifn ^fedit. 19(K>), Part I. j 155. 
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fret p*r minute it r> practically indepemicnt of r, The watts lost 
in bearing friction hire then proportional in the three cases to v M f 
I' 1 ’* and r. l ; or tin; lower spwds from 300 t<> 000 feet per njinute, 
which are usually met (with in dynamo practice (apart from turbo- 
generators), t lie square root proportionality nfay Ik* assumed, 

\ v > 

and we then have i4 c ♦ ; , v\ lure r tangex from 1*32 to 16 

p i c 

when } is rxpirwd in Hi. per square inch of projected bearing sur- 
fare, v in fret p i minute, and the tymp*rature «>f tie* Ururing bush is 
reckoned in degrers (Vntjgiade. •The* influence of different kinds 
of oil and of different* c< unbinat ions of metals m the journal and 
heating bush respet tively is butrsmall, so that finally it may In* said 1 

tlmWfoi a steel shaft running on a gun-metal or white-metal surface 

• % 

ii I 19 * - approximately. 

1 p i 

l d ib •ss the beating is aititiciallv moled, a high velocity is acmm- 
panied bv a high temperature, and via * irrsa, so that, as will be 
seen Tiorn I'lg, 141, if an initial teinp*rature «>f t\ be assumed for 
the air, vV / has almost a rniist.fnt value undt*v given conditions 
of natural moling, and for bearings of oimilai tvp* whatever the 
speed. If aveiages about 0-4, so that n is then simply inversely 
propot tional to the -specific pressure, and 0-596 p Inc iting the 
specific pressures of 170 and 05 lb per square inch <*1 pmjected 
bearing surface as the uppei and lower limits which are likely to 
occur m practice, /t is found to vary lx*! ween 04)035 and 0*009, the 
higher value conespmding to the louei specific pressure. It must 
ag on be emphasised that the above practical values for fi only hold 
goal if the natuial relation between the velocity and the teni- 
p*rature of the bearing*is not largely modified as would be the case 
if the running of the journal was entirely dependent up»n artificial 
cooling. • *• • * 

Since the total load on the bearing V /></' /' lb. wtiere tV and /' 


• \ V 

are in inches, the fiictional resistance A* nl* 1*49 ™ . pd‘ l 

• • p . / • 

• • • # 

1 -49 ; h . t/7' lb. is sooii^ la' completely independent of the load* 
for a given diameter amHenglh ; § the work dime and the heating 


1 See esps tally the results of the exhaustive expriments given by Lasche, % 
“ (hr Hearings f« >r High Sp'eds ** Tnu fion <itui Ttiimomoxio^, Vi >1. 8, p. 33 tf., 
and the earlier experiments of <1 Dettmar. " Ot» t'tn tuai losses in Dynamos," 
li. T./., Yol. ‘.Ml, pp. *180 ami 397. *^he latter gives a much higher val ue for 

4 , natnelv, 2*89. »v. n * 2 89 ' ( . whence it result^ that .for a temperature 

PT" 

of 37-5" f *in the hearing bush tho4oss hv fncKon is at the rate of 2*16 < U)" 1 
iV Y {(YN) l s watts instead of the value ifhich is given ab^vr • But in th» is 
included windage or air friction as w*U as true braving fnction. 
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# * • 

dnch thence results are due to the Clearing of the visfryus liquid in # 
ts given state of temperature. and though the application of the 
oad may alter the distribution of the piessiin 'round the circum* 
eieiiee of the joiynal within the Wiring. the mean thickness of 
he lubricating him remains practically otiiM^int, and so also the 
votk done in shearing it. The i*>«ccr lyst ui tie l eanng is then 


1-49 V7 . t ' " 


, 


M.uoo 1 


• 

• * 

• 

45 I v 1(1* 

J u 

il#>l M^lK *\\< l 


.,1.4 

ft 

* 


:« 7 >. io :1 ' „ 

j' r 

w at t s 

, gsf 

• -• 


It is theiefoie propoitional to the healing mu fate and t.» the T5ih 
jHAser of the vc1»k ity Or again, since r ml'X 12 feet jk-j minute-, 
the- fric tion loss is 

<vo2 • lo * d' i lfois4 jM\\( i 

. \d'S)'- u 

4-5 * 10** j . d‘ l' watts (78»ii 

Assuming t^c* temperature of the tearing hush to he 37 \S f 
\ 100" l\\. an average figure for the fi ictinit loss in a heat uig would be 

1 hi *< 10' 7 •fi/'A j 1 - 6 </' /' Iioim J»o\Nel 
• 12 < 10 4 («/\Y) M J' r watts (78 /m 

As mentioned above, *a reduction of the diameter. pto\ ided tlial 
the hearing is not artificially cooled but is <lejH nT ui uj«*u its own 
sjiecific rate* of radiation, reduces jis use* temprialuir. 1 ioni 
tin* formu!a.for the* friction loss it Men that tin* ledmtion oi the 
use of teiuperatuie has unitM-lf the effect of uu leasing the 1 fiiction 
loss ; vet since the friction loss is pi oj national to while t lie use 
of temperature i> less than projcoilional to </, and even He n ha^ to 
l>e adAod to a lixed initial temjx-t.flure of tie- ail , h is evident that 
a reduction in the diameter of the* journal r * » the- minimum ie<puie<l 
fry considerations <tf st length is in rveiwase to lx- re< omne-nded 
on the double sccJVe of inc reasing the ^ffigeiicy of woiking and of 
.reducing the temperature of the ^tearing wln< h makes its running 
mc>re reliably • • 

• . f V 

The* diameter being thus fixed as^low as is safe. /' j„ and /> 

is to U J taken as higlAis is found practicable*, since- the cfh» iency is 
increased by reducing the length as r|iich as possible. Especially 
is this the case with the. outer tearing farthest from the driving 
engine, since from §11*the necessary diameter for this is itself 
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partly dependent upon the reciprocal of the intensity p ; in con- 
sequence the higher the specific: pressure, the less the diameter and 
the less the rise obteni|>erature, which again assists by reason of 
the viscosity of the lubricant /Wing better maintained in a state to 
withstand the <tenden< y fui it to l>e squeezed out. It is, however, 
evident that in any Case, r\ eii .if the beating is artificially cooled, 
the intensity of the pressure must never approach the limit when 
the og is liable to be squeezed out. The higher t^e temjieratiue, 
the less the viscosity of the oil, t^ir film which separates the two 
sulfates bet o fries thinner, and as <oun *as it is ruptured the journal 
seizes ; the intensity of the pressure when the lubiu ant is squeezed 
out is tluis partly dependent# wjxm the tem]*-iaturc, but under 
ordinal y tondihuns when the nil is not furred thnuigh the tearing 
iilfdei pinnule it laiiges hum 1<M) to StH) lb. j*m square inch of 
ptojet ted bearing sin face. 

In the < ase of dynamo bearings in which the load is continuous 
and always in the same direction, as t g. »»n tin* leaver bush when the 
etfecd of any eueiitruhty i»f the ai mature within the bore is added 
to that of the Weight , the |*‘i missible ‘ ill*' piessme must Ik; very 
much i educed below the above value, rsjHM ially Mn-ll due regal d is 
had to tlje very inq*>itant question **f tlie amount of wrat of tin* 
beatings m pi "longed wmk. 

In older to ensure durability and reliability in \yuking it is 
tiecessaiv in all high-speed machinery to make the journals of con 
sidei able length as< ompaied with thei%dmmehT, and in belt -driven 
armatures of small size tunning at l ,000- f ,200 revolutions per minute, 
the ratio most frequently observed- is /'/«/’ 4, where d’ is the 

diameter of the journal In enguie~dnven\irmatures and in large 
machines generally, running at about 300 revolutions jvr minute or 
less, the pi ojxirt innate Vngth may be reduced, say, to 2} diameters ; 
• or in general ijd' j \ TV to J \ TV. • , , * 

lire increase of the ratio of length to dfaineter with’highei qveds, 
such as is shown in / he following table, 

700 * 1 100 

3-5 3-75 4 

• 

really amounts to a reduction of the pressure per* unit of bearing 
surface as the velocity of the relat ive movement l>et wven journal and 
tearing increase's. * Experience therefore dilates that from con- 
siderations of wear the necessary length of bearing must be deduced 
from sjHvific pressures w hich are rAiuced as the vejocity is increased. 
We thus have in practice su<;h* limiting \*dues a> p ----- 170 lb. per 


X revs 
jxrr nun 

r 

1" 


200 300 

t 

' l 

2 2-5 


u> 


500 


:t t 3-25 
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Kjuare inch of projected bearing surface with « velocity of 270 feet 
per min., decreasing to p ^ 50 lb. \m Mjuare inch wfth a velocity of 

H 00 feet j**r min Thence/' — - ^ ■ *'+ 5.7 x 10 * />V 

/» . « # /> t 12r 

indies witii tile highei pressure and lower s]*eed, and 8-7 
X lb** /W indies with the K»\ker pirssuf# and lather speed ; 
m >>i\ tin* average, s^iy. p 7<Hh aifd : >00 fe^-t pet minute, 

whetue apptuMinatelv 

• • • 

l’ 7-5 x Jo -4 PS niches (7^)) 

As a general rule h»i ordinary f>ean»gs # ^Y does not e\*eed OO.tKK), 
As an example of the calculation <>! /* jh«* total load «»n the 
pulley bearing of big i;*8 is /»/ \ ;r, 3 j /,* ij /, 7 t 

as was assumed 1*< f«»ie. and / a '/ 4 14. * 

I\ \ lit / Obi 3 i {‘M . J.2S.* ; * 

that Oil the othe! healing is 


I'l \ IC, S : tj \ (If . U-4 i*, , (M . (1-^^ 
and tin mtensitv of ptes-uir ly pound p i -«juaie im It of pmjiniul 

i f in* 


alea is p 


I’ 


Sin* f* the driving iriisiou / 


12b 000 


///» 

< 1 X 


kU 

| M, tlllds ^ LilHHHH) p>tiU<ls W hei e (/ 1 tjii- dl.iUieter of the plllleV 
!!1 incite, . 'I if I lv the \* 1 'M lt\ of the l*e|t Hi fret pel, minute s|fH e 

.Tt.ooo ///* 

/ * .. p*umls .the ah<*\ e erjuatiMiis may also 


he eXplesNi-il .0. fnlliMs 



It Viii he found that l\ M a • < iii\ t uieiit a^»j*i <<MH)at i*»n uhidt 
holds veiy ch^ft m afl ordinarV uss, the effe* t *»f the weight 
acting at right angles to / j. using tin ♦total load fjoni :f 75 /' to 4/ . 

In drum mxdunes the armatm* < oje unties its# If longitudinally 
within the pole pieces by re;A*»n of the m.igm ln pull to which it 
is >ubje< ted when dispjaced axially , 1 A slight amount of eml play is 
not dimfvaAtageou,, sin< e it secmes a more uniform wear of the 
commutator surface, but it is seldom allowed, to exceed ,^th of an 
inch to Jth in luge machines and it rnu*t l>e limited by raised 

1 For the fortes broufiht#mm t>"g by a to -and- fro axial movement of 
the armatujr, jre F W. < artr* *' Magnate Ontrring of r>4Vumn-rlr< tnr 
Machines, " Pro t. Inst. CP, Vol. I%7. j>p .111 318. 



CHAPTER XI U 


300 

shoulders on the The centre of the armature core must he 

v in line with lift centre of the pole-faces, so that there may be no 
magnetic pressure against the collar causing it to heat up. 

f 13. Temperfttartf Of bearings. A second and independent 
question is the tem|>eiature whiHi the bearing will u/tain in working. 
i t. whether with a given diameter as fixed by considerations of 
strength and with a given •nuinfier of revs. per minute it ran lie 
counted ii|»>n lo he self-cooling. The rate at \(hi« hheat is generated 
in the fvotk of oven ominj^ the frictional resistance £f the bearing 
must not 1 m* greater than the rate* at whicli it can he dissipated 
conveniently without any Yudrie increase of its ternperatuie. Two 
cases then have to |je distinguished according as the In-ating is 
dependent only upm its own filiation of heat fnnn its outside 
sur e assisted by any convection c urrents due to totaling masses 
m close pteftimity, or is aitihc tally cooled by nil <»r water being 
c in ulated t hnmgh it . 

Ihe late at which heat can he dissipated (torn a hearing without 
aititic i;d cooling dejiend-* iq>on a munher of complex condition ■», chief 
arnonjf whi* li’are the diffep m e of temperature between the hearing 
hush and the -sin lonndmg air, and the* area of the raejuting mii fare of 
the metal phimm- r block. lo these milfrt 1 m* added the ctfe< t of 
the attiliiMl ventilation which, esjx-cially in dynamos. may arise 
ft * nil the' pio.vinntv of the rotating ronimutator or armature winding. 
Hut foi a given tee nf tem|>erut lire of the bearing budi wlfa h < a Uses 
the heat to Ijr conducted to the outside of the plummet -bloc k the* 
late of dissipation may he taken as p0i|M»rh<rftal t»> the* >ui f.i< e 
of the* journal « >r to its pmjec t «*c I urea <i' 1', s»> that for^ach value 
of the Use* of temperature there* cor!es|mnds a certain sjH*t itic 
radiation < »f horsepower pen square inch of plops ten! hearing suiface 
whit h is similar in he arings of similar tyjs* According to the 
e\|H i inu'nts above cited nf Herr < ). I,us<he. the sjh'« a tie radiation 
•from the outside' of the plmnmer-hlnek (the ml rem.fi Ring unchanged 
as in ring lubrication! increases faster than* the* difference between 
the temperature of tiles bearing hush and that of the surrounding 
air, and, assuming an initial air temperature <>f 20' t\, is appn*\i- 
inately propoitional t«»#*lu* KStU jxmer of tlu* riu* e >f tempeiature 
of the hearing hush, nr h k § ( \ In still atr, t uifh h reckoned 
in l\otse|H>wet jhi square ufch of projected hearing ^surface, k was 
found by expe riment to he about 22% X 10 * in the case of ordinary 
hearings, and 42 x 10 * in the rase of specially massive bearings, 
when / is in degrees ('entigrade. fn dynanfos, part Ip pbrhaps by 
reason of the ventilation, which always more or less present from 
cihe commutator or arputure winding, these values appear to be 
exceeded in practice. Tlu* sjienlic rate of radiation in liorsojx>wer 
per square ♦inch probably range* fron^O-068 to 0*016, and assuming 
Wat \tv these two Yuniting cases the ^eanng temper at \ft estate 46° *2 C . 
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and 6P-5 C., or the rises of temperature 26**2 # C. and 41®-5 C., 
k then becomes as much as A) x 10**. , * 

To the quantity hd* V must l>e added, in the case o| artificially 
oxiletl hearings, the heat that is abstracted jt-r minute by water 
circulated round \he hearing or by tinfoil which is passed thiough the 
bearing and withdrawn as it becomes heated, Thus in the latter 
case* it is found that the oil leaves tin; In-aiing at a temperature 
alwmt 15 < U*Iow tlmt of the bush. or if t|n* lattei t\ to U‘ main- 
tained at sa\f 75 tlie oil leaves at dfl' t . If it is theii'cooled 
down to 15 t ami supplied anew to the Waring. {> gallons Wing 
passed through tlie Waring |h*i liunup .jhV late it which heat has 
been withdrawn is promotional t ^ » ((So f5 ) • spee the heat per 
gallon * (). Win n expiesMul m A‘>rsep<*wei. this quantitv is to 
he added to the rate of radiation hJ' I . and then sum must •then 
he equal to the late at will* h heat Is general ed. 11 UUrlf, 

uPmi'\ filMS 

* „ ’ , lioi seimw el 

1*2 • 88 000 1 2tv0t HI 1 

In the mole oidmai v r.N* «»f a Wanng ^il)iout aititu lal * oifhng it 
is oitlv the sjmip* rate **t radiation which must he equated 1 <* the 
late at wlmh heat is generated, both W-mg exposed, eg. in horse- 
|s»wer jx*r s 4 |uaie mdi of pmjnted beaiing unhir. •Assuming, 
then, the above expirsMons f«>i h and /i feq. 78 ) faiily to tepiesent 
the fails fin* lor ordinal v conditions ot medium speeds, piessute, 
and t* nqs r.iture, the two rates »*f generation ami radiation of heat 
in hoisepiuer jvr *qnaio ^n< h of projected be.mng suiface when 
equatetl gi*ir 


From this tin unjx't tant result follow thaf with beatings of similai 
type natmally gaoled. to every linear s|>eed of joiyn.il there cone , 
spends a pai*tn ular temperature rise independently "f its length and 
ptessure An initial air temperatme «*f 20 / . tnav in all c ases be 
assumed, si \ that 

• . 4* I. • Hi* , 

; /> '{ I ■ 3 1 i - , -J" ■ (»■} 


a with k bO >. 10* 


Fig 141 njiows three- Curves obtained from (80) with values of 
k v- 87 >: 10‘®. or 60 >? 10 *. or90*X 10'*, the hr st W ing the highest 
for the case of no auxiliary ventilation, and tltf intermediate rorre- 4 
spnnding to the rtfcre usual case- of dynanfo beatings with some 
natural windage. The general shajfe of the curves is densely borne 
out by experiment, ;i)thnugft the value of the constant varies 
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considerably ; it js practically independent of the pressure, and so 
of the length t>f tike bearing, although there is a tendency for the 
rise* to be slightly greater with higher pressure. 

From a nave sik 4 Ii thus*- of Fig. 141 it can at «m<e lx- deter- 
mined whethei it will U* tie* etauy to r» v»rt to artificial tooling in 
any given <av- ( a ji/axiinum teirq»erature which should not be 
exceeded III the ImIsIi being llXeH at 70' ( .ilkd the highest curve 
being taken lii oidei t < ► I >< • on the' sale side. 4 

It is'thte* evident that h is only of inqx»itan»e .o determining the 
question whet |iei a beanng of givtM diameter and at a fixed sjx*ed 
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Whea the peripheral speedy of the journal gxcecds 900 feet per 
minute, up to, say, 4.000 feet per minute, the {nctitn is practically * 
indepemk-nt of the velocity, and between such limits as from 
20 to 200 lb. pressure jn*r square inch, and conhequent temperatures 
m the rubbing mu facts of 30° to I0U J t ., Luselu* found it to Ik* 
approximately true that ft pi a loiiM/nt *28*45. where p 

is m lb. {nr square inch and 1 in* 
degrees Centigrade. • The hois*»- 
J )o\Ver gelle] sited in the lieaiing, 
if v is in feet p»*t minute, is • 
ftPv ftpj' i\‘ 

33 0tn> 33.0m 

« 

a lid , S 1 1 U e ftp 28*45 7 , the late 
of gelleiatioii of heat |H*I squ.«le 
inch of piojet ted ,♦! e.i Will be 
28*45 

- »: t • / 1 

/ 33, om 

ol it tile initial 1 e| i < J Si ,« t III e i- 

2irc • * 

8<>!! - 1 o ** 

(A/dd. ! 2o 

. . . Upl- 

and if k <i0 X 10 * 

14*35 ; . * 

Ab-Ve 1*' (*. (257 I X La^he 
found that the lubi if at mg pi<»p,«t 
ties of oil rapidly fell off. 

§ 14, Pedestals and plummer- 
blocks. » 1 h** y gnnab ale suppnrl - 
ed either hv 2. 3, or 4 arms finm 
the end-shield castings of small 

* ivyillipolai machine (Fig. 142). 
or by pedestals *Jiidi eylui ttrty j42 * p. .im>K m 

part of the base plate casting ol ■■mall r-v:i. tune 

or are separate plummet' -bloc ks * 

(Figs. 143 anil 144 ». They ay: titled with a gun metal or phosphor- 
bronze " brass," or wit It a cast-iron shell oi bush lined with white- 
metal. I he white-nfclal is locked in the shell hv U ing run into 
recess*^ or grooves hi it which *hav< a dovetailed w-rtion orovei- 
hanging edges. In all excejl small machines the whitcmctjd 
bearing is to be preferred, since if the lx*afing becomes overheated 
the white-metal melts und runs^ut ; indication is thus given of 
the overheating without so lunch injury to the ninmng surface of 





[i ♦screw in the upjvr juft of the pedestal. The fyush may In* solid 
when it can lx? slipped over the end of the shaft, and then has a 
shoulder at, one end to prevent Sixial^mov'ement in one direction. 
But preferably it is split, and can /hen have‘s shoulder at either 
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end (frigs. 142 and I4Ci) ; the pedestal is *j>rov*ted \% it li a 
separate cap fastened by two or four screws, and the arrangement 
lias th# advantage that the two halves can be»cl<*ed togethei t* • 
take up uear, while the solid bush wljgn appredablv worn requites’ 
to !>e entirely reiiAed with white-metal 1 he divwi^n of tin* cap 
from the pedestal should Ik* api>ioxuvatdy .0 irgbt angles t«* the line 
of maximum resultant jjressure ujxth the heading ; the>*int shouhl 
therefore, m lay^e dynamo* driven by horizontal Ml mg m^by a 
horizont.il steam-engine, W indued at alw»ut 45 to the \eitical. 

In order to facilitate the seH-ahffnntent of the b< .ruuf wti llie dial! , 



In,. Ill — S*-t f -ahvnim; -.plieru il U ine;' 

thc*li*eve or bush in the commutator bearing ol the due* tjy driven 
dynanll) i> frequently^* made as >o allow of a <<ftam aim unt of 
swivelling movement llu outside ol the bush at the middle of 
iti length forms part of a sphere, and is^iven a « om^jK>ndinglv 
spherical seating (4 ; ig. 144 », or if ^he pressure be small the seating 
mav l>e cylindrical when the bush may la- dipped in from the end 
within a solid pedestal. • • 

At each emf of •the bearing are hooded < hainl"*r> in which the oil 
which exudes from the ends of the journal is caught* and returned by 
grooves cut at tl»e bottom of the bearing into f* reservoir. These 
grooves should l>e of ample section anr^with sufficient fall to^retiun 
the oil quicklv tjie reservoir. At the end nearest to the armature 
the shaft must be provided with an mt-ihruuer to jnevent the oil from 
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creeping along the shaft on to the armature or commutator or brush- 
carrier and there destroying the insulation. Either an upstanding 
annular ridge is formed on the shaft when it is turned, or a collar with 
a thin pointed edge of largef diameter is shrunk on to the shaft 
(Figs, 200 and 184); ill either case the oil is dfawn to the outer 
edge of the ring and them e is flupg off by centrifugal force and caught 
ill (lie hollowed chamber within the bearjrig. I he curvature of 
the luod must lie such . as to < ause the oil to be returned on the 
healing side rathei than on the armature side, vvheme it may chip 
on to the shaft past the oil-throw :r. At the outer nr commutator 
end a plate over the -opening of the bearing is of convenience to 
prevent the entrance of dust, and in other cases, if the rotating 
fuiralure winding, or the proximity of a fan causes a draught of 
ail a tori)' 4he Inuring, a biass ling in halves should be fitted so as 
( losely to embrace the shaft at the end of the healing, in order t«» 
prevent the oil being drawn along the shaft. 

In small machines the white metal is sometimes run directly into 
the 4 ast -ii i ui jvdestalt an oiled mandul or the armature shaft itself 
being previously insetted and held cent i ally in place so that the 
metal may Util round it The whole is heated Up, and passages are 
left to a|Jovv the heated air to be expelfed. As the metal cools the 
inanditl is turned round in guides by hand, am! a hard smooth 
surface is obtained which does not requite to be subsequently 
machined. 

§ 16 . Lbbricafcion of bearings. lamination is usually effected in 
dynamo hearings by means of brass nr cast white-met >d or alu- 
ininiufli lings (Figs. 143 and 144) which lest on the journal and dip 
into an oil reservoir, foum-d in the hollow p-edestal and * »f sufficient 
si/.e to allow any sediment in the oil to settle. The section of the 
rings is slightly tapcrt^l, being broadci at the base ; when the shaft 
rotates they are carried slowly lound by the friction of their contact 
with it, so that the journal becomes sclf-lubricaring,as soon as the 
at mature rotates. I n the upper half of the bush or liner are as 
many gaps as there ate rings, while the bottom half remains whole ; 
or the gaps in the uyper halHruty be joined bv bridge piece^at the 
sides so as not to interfere with inspection ot the working of the 
rings through openings the top (Fig. 142).* The oil is drawn 
up by thi' motion of tht; ring atul at the top of \he journal enters 
a recess cut longitudinally along rhe brass, whence it is distributed 
by grooves cut spirally along the inner surface. All such grooves 
and recesses must be sealed 4 t t licit farther ontlf so as to confine 
the oil, and it isimjHntant tha| the oil should l>e introduced at the 
point of least pressure so that it may be wept forwards by the 
rotating shaft ; hence the grooves should follow the direction of 
rotation, and if the pressure between journal iyid t bearing should 

prevent the entry of the oil yif this side, fhe grooves must be made 

i • 
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to feed a second recess at some point where th? j:ftres|ure is relieved. 
Fig. 145 shows a faring opened at the top and unrolled ; with the 
given direct ion of rotation the oil is fed into ;he right-hand longt 
tudmal recess, and thence distributed by the grooves. The edges 
of the grooves nfust not be sharp, but must tv slightly rounded off 
so as to allow the oil to be drawp over tlni*&haft bv its rotation, 
('are nm^t 1 h* taken that the actual healing suiface ls.not too nun h 
reduced by the grooves. At each end 9 ol the bush are fiicum- 
ferential groove^ to tolled the oil and tetuin 0 t<* the reseivoir 
through the vertical hol<*> in§ the 
grooves before it spreads outwards # 
along the shaft. Clearance 1 betwecji 
th«* journal and bush reduces the 
frittion. but has to tv kept small In 
avoid vibration, t^jvcially at the 
commutator end ; the diameter •>! 
the healing exceeds the diameter of 
the shaft bv 2 to 4 mils, according • 
to the si/.e of shaft. The rings and 
the surface at •tie* sides against 
which they may t « »\i< IT must be 
quite smooth. Where it i- im on 
venient or possible to thread them 
over the shaft they must be in two 
halves, hinged together. an<J fastened 
at the npjmsite side by a screw or 
spring dip* as in Fig. 146. I lie 
diameter of the rings should be about 
one and a half times that of the 
journal, and large enough to pass t ■ r .. ~ ~ 1 j 

over the ends of the brass. (In Brut fut lh;cu£h from lop wd *p*n*<i out 
bearings exgeefling 8 inches in j-k, Plan of oil grieves in 

length two or more rings may be baring 

employed, ('h.iiris are also sometimes 

em]#>ved in place of rings, but .dthough thev hf* nuae od they are 
not so suitable, since they necessitate moieof the brass being cut 
♦away. and at high speeds cause fmthltjg of the oj) owing to the 
admixture of aip. The oil shoti^l re* st^nd so lngli in the lesetvoir 
as to clog the fret* movement of the ring>, or to rise into the groove 
at the bottom of the bjrdi. and its*height is usually indicated by 
an oil gauge vflth which may l >e <«mihiurd a draining tap for in* 
when at intervals the oil has to < hang* d (lug 142 or lug. 148) 
* 

1 See “ Hearings lor High Speeds.” 7 tatixon and / ransminton, 

A ol 6, j)p 44 49, where exptflmefUs are%ilv> given as b» the an*>unt of oil 
delivered bv ring Vubncatvtfi. and * Steam I urban h ami larb> beneratora " 
\V. J. A. London), JownPUiU., Volf .15. pp. IW-1W. 

• 1 
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The cover* of f the inspection opening*, if circular plugs, should be 
fastened to (lie bearing* by a small chain to prevent their being 
lost, but preferably^ are either sliding or hinged with a spring to 
keep them ( losrd. I here niihj Iw good clearance between the ring 
m its working j>osition and the surrounding wale. so as to lessen 
tire amount of oil thrown on to the joint whence it will creep to the 
outside ; a stepped '»r registered joint is for the sunc reason of 
assiMarn’e, and should he employed in 
large bearings. In any case the joint 
of the v np| it .heai mg should be carefully 
surfaced so as to prevent the od work- 
ing its wav through it. In large 
machines the beatings are sometimes 
arranged with a water j.u k<*t through 
winch a stream of water can he passed 
m the emergen* v of a hot beating. 

$ 16. Insulating materials. No one 
substance combine-, all the- various 
(|uahties that go to make* up the* ideal 
insulating material, and among a 
number of materials a judic ious elec- 
tion has to he made to obtain that 
whic h is best suited to tin* exact end 
in view. I'm iiMilating purposes in 
dynamo wenk a high spec i in resistance a^ expressed bv megohms 
|x*r (entimetie culu* of the matetial, bv no means so 
impoiUnt as a high " dwruptii r " or * strength to 

resist breaking down under the* stress of a lugh voltage. The 
one pro|Hity is not iiecessaiilv an ‘ompanied bv the other, and 
in fact no very diiect* relation between the two can be traced. 
Comparison of the \alue of different materials must therefore 
primarily be fused upon the \oltage (continuous t m maximum 
alternating volts) which on an average tliev can be relied upon to 
withstand |ht mil of thickness without being pierced. For the 
sune maximum volts the alternating current is the more hkMy to 
cause puncture, probably chiefly owing to the heating of the dielectric 
which results from the alternating electrostatic stress. The energy 
loss in a dielectric under such stress is for the shine temperature 
proportional to the square of the' voltage, and also increases with 
the frequency. A high frequency is therefore more trying, since 
under manv circumstances the heat cannot be dissipated as quickly 
as it is generated ;• the temperature then rises, perhaps only legally, 
but this again mavises the heating, and so %n cumulatively until 
breakdown occurs, especially if the initial temperature is high. 
Fibrous f materials usually break ilcmn from bur/uqg rather than 
from dielectric rupture, unlesj Kie applied) voltage is much above 
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the material's disruptive strength, when the nipt Wi* jpstant.meoiis. 
For the same reason the severity of the test increases with the length 
of time for which the pressure is applied, altlum^not veiy markedly, 
as much dejiends upon the circumstances. A dm at ion of 1 to 5r 
minutes is sufhaefilly lung to give reliable results . between 1 and 
It) minutes there is usually a reduction of *4.0*,* IS p<t cent, in the 
disruptive strength 1 

I he electrolytic action which ini^lit be, leered with conlmuous 
current is rendered innocuous m pi act tie owing to the but that the 
heating of the dynamo wheiuit wyik dines vlf the moMuu* without 
which ele< t idlysis cannot be set up ; it isl.nk 'f tmpoitaiue m the 
«ase of newly wound t oils m dynamos that luCe bom stamline foi 
some time in a damp place • * 

At the head of the list of insulating materials, .« . "Uihi*ufc m.mv 
« vf the most valuable qualities, stands mini Besides bring uu mu 
liiistible, it is nominal oxopje (s». that it dor* not absoib moist uie 
if the dvnamo is ex|*»srd to damp, and dors n<d m (oiwipicm i* 
deteimrateh and rnec harm allv strung t«» withstand girat jins^uc 
Its sj >ei i he disruptive strength vanes i oli^tdi i.d<lv m ddhieiit 
qualities, that of pun* white mica King vuv high Hut although 
it must be tiee from n • *n «»xMe in pat< lies <d am tlm ku. ss jhr mi* a 
lot lOinnii’liial wolk Heed not be elltllelv tiali pal* lit , stnsiked 
or green spotted mica may be counter! . »t » to withstand a piessme 
of 1 ,000 maximum volts foi rvei v t lions uidth <d an m< h in tin. km-ss 
Mica in its natural state i.yumt. Iiuweoi, be obtained in huge 
sheets ; and further, It is extremely inflexible when an apptei uble 
thickness ha^io be bent to a niived Miif.n «■ <d mull i.oluf* tin 
the score of puce and ^f the need foi in-ulaiing curved »»r bi«<krn 
surfaces, u therefore heroines necessary toemploy the attih« lal foi jm 
of mica known as micantfc and • 

Thes,- artitu ral forms are made of small and thin laminae of mo a 
re assembled ipt*n*a # sheet and eemrnted togrth»i with an msulaimg 
gum under great piessure and high trmj*riatmr. Owmu to then 
greater hotiv^eneitv then disruptive ^ttrngih is if anvthuig more 
umfortn than that of pure mica, tnd may al *<• | e talo n a* I 000 
maximum volts per mil of thickness at ontmirv t. ihjh rat ures 
the specific strength of < ompo*i!r mica pr<yhu ts k but li.tlr affo ted 
by rise of temperature, and their locating lyider a rapidly alternating 
potential is but small In order to apply the rm<anite 1o the 

1 See Turney and Hot»artf 7 kt IptiulalfitH "f Elf<trw \1<uhtnr\ (Pitman 
A Sonsi ; Mrminf and Jofjnw.n. 7 hr /yon/a/mw ,mui t)n.i£n ' f I lr<trual 
U'iMiitMga (Ijrmgmansi . Miles Walker, !if>ntn<(ih >n .j/ttf, />' 1 <-/ / lynuwo 

fhctri, Mafhttttry, pp 174 IK7 ; Kayrvf, " Report <>u I < mperatm'- J x}* n 
ments earned out at thr National Phytucal l-aljoraluv." ]aurr< / 7. /• . 
Vnl. 34, p t>13, and “ High-voltaic Tents, etc fuutn / / /; Vol 49, p 3 ; 
Miles Walker, Jount. 1.EE., Vol. 47. p? 5, S3 . S lw<*r«*hod, ( he (ha* 
ractemtics of Insulation Resistance, Journ 1 EL, Vol 52, p SI ; and 
A. S. L&ngsdorf, M The Fati^w* of Insuldftioji," EUrfr. Watld, Vol. 52. p 942 
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armature ( ore, it is heated to about 21*0° 1\, the kind employed being 
such that it then becomes soft and pliable, and can be easily moulded 
on to curved surfaces. Flexible micanite is also made which has a 
slightly lower disruptive strength, 750 maximum volts per mil when 
( old, and lastly micanite doth, which has a backing of fine muslin or 
linen, nr micanite paper in which the backing is of pa|>er on one oi 
both sides. 'I he layers of mica rise from 2 to 3 as the thickness 
in<re;:a-s fiom U*0tW" to 0-014" in the case of cloth, or from 0*005" 
to 0*0 1 1" in the case of paj>er . The piercing voltage of the two latter 
is less than rti the rase of the shyet ; it averages from 450 to 850 
maximum volts jxt tail ioi pajier, and from 430 to 7* M> for linen, 
but depends to some extent nn the method and carefulness <>f the 
r manufa< dure. 

in gem *al tli*- cuives for (lisruptive strength in relation to thick- 
ness gi .irln.i 11 v bend over, showing that the strength pet mil in thin 
sheets is not maintained w ith greater thickness. With mu a pro- 
ducts this is not very marked, and when present it is probably due 
to "..Hit of complete homogeneity, as, c.g. through the inclusion 
of a minute air bubble in natural mica, or of varying amounts of 
cement in the artificial forms, either o! which c; ins may alter the 
gradient^of the potential fall through the malerial. 

In the rase of organic libroiis materials in sheets, whether un- 
treated or impregnated with insulating varnishes, tin* dec Teasing 
strength pet layer is cpiite marked, so that it h.is been said that the 
disruptive strength is promotional to the §nU power of the thickness. 
Hut the reason is not dear , and tt is probably to be ascribed either 
to til his of ait between the layus unless these an very tightly 
compressed, or to irregular it y of iinpregnat'on by 1 1 oil or varnish, 
or to the presence of moisture still remaining in the inner layers. 

Hie smeitic nisulaiion resistance of organic materials, such as 
paper, linen, cotton, or vulcanized libie, is much improved by such 
moderate heating as will expel ill moisture, and >o also is their 
disruptive strength. Rut as the temperature is increased above 
80° (\ then* sets in a real deterioration due to partial disintegration 
of the inatenal, if the heating k maintained fot long |terioifr., as is 
the case with dynamos after many years of work. The effect of 
temperature, and also tjie allied cjnestion of brittleness after fr/’- 
(juent heating thus become sail yiii|x *r t a nt when we pass from the 
inorganic mica series. 

Ebonite and vulcanite arc unsuitable *for coil or core insulation 
from their brittleness when cold, and from the f*u\ that they soften 
at a temperature of tvv ( w^iich is within th<‘ working range of 
the dynamo, while rubber products are inadmissible from their 
deterioration under the action of lighj and air. 

Red* or grey vulcanized Fibre in thin sheets up to 0*080" has a 
disruptive strength of 4tX) 2^0*1 naxinmnnvolts per mil of thickness ; 
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it is mechanically strong, tortgh, anil durable, nut u,i* very hygro* • 
scopic, when dry quickly absorbing moisture and swelling, and 
shrinking again when l*eate<l ; further, it Us nines brittle wh* n 
continually heated, so that it has jvactkally been sujnrv ded as a 
material for initiating dynamo coils or cores. 

Passing these bv, therefore, \\\ come to* press spahn. which in 
thin sheets is largelv % UM*d for low voltages, and jvissesses many 
recornmendatyuis. It is flexible, homogeneous, and iiniimn in 
thickness, with a smooth glossy surface ; it is, however, somewhat 
hygroscopic, esjHxially if a), which destroy its*gla/ed surface, 

and must always be carefully tilled bdofe . It vanes gi rally in 
quality, but on an average when tJioi« Highly Mt ied it has in sheets 
0*010* thick, a disruptive strength of 400 maximum \>*lt- p<« tPu! 
of thickness, decreasing in sheets of 0040* tlii 'sr.< .s V *d00 Volts 
jx*r mil. Much the same i eduction is found when several thin 
sheets are used to give the same total thickness. and in eithei cast* 
if t reused it cannot be relied upon to withstan<l more than -SO 
maximum volts per mil. If dried, soaked in liot linseed *)1 for 
several hours, and then again thoroughly «ti led, a thin duet of o*olo 
which will have increased in thickness to 0-010* lias its disruptive 
strength increased to s 52d maximum volts jm-i mil ot it;-, inn eased 
thickness, but this improvement as tnmpaied with untieated 
pre^s-spahp is not maintained when several sheets are sujyei |x»sed 
on one another. Plain varnishing of the surface with a g ,w, d 
insulating coating i> equally effective, and < an raisr the disruptive 
strength to 6(X) volts or even more, although, stiictlv qxakmg, 
the effect t*m hardlv l>e stated as dejH-ndcnt on tin* mil* of total 
thickness. • 

Linens, cambric , muslin, and other stuffs impiegnated with twite- 
boiled linseed oil or other varnishes, i c. ‘*‘<ihd linen,” etc., whit h 
.m* sold lyuler various trade names, ate fiom their flexibility esj»e< i 
ally useful Ur the insulation of the groups of win s in former -wound 
cods. In general for a thi< kness of 0-006' they may be relied upon 1 
to have a disruptive strength of 1 ,000 500 volts h.-i mil of thu kness 
at Adinary temperatures of the Htmospln re,^de< f easing to SiK> ^400 
volts j>er mil in greater thicknesses up to 0-040", or in Mi]>eT]>nsed 
♦ layers. In many cases the effect of teigjM’iatuie upon such fabrics 
is marked, the* disruptive strerjgth*l>ciug reduced at 60° l . to 350 
maximum volts per mil for the thinner, and to 270 volts for the 
thicker sheets, while at higher temperatures the reduction may In- 
still greater, ^he figures approaching to 300 and 200 maximum 
volts per mil respectively for theft hin and thick limits given abo\c. # 
Canvas varnished h not sufficiently good to # re!y upon as armature 

insulation. , * , 

Thin cottw tape 0-006" thick has a disruptive strength of about 
150-100 maximum vAts jn-r mif, ?nd is not greatly improved by 
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varnishing, although this precaution i< very necessary in order to 
check its absorption of moisture. 

Lastly, we come ioepapcrs of various kinds, which must always be 
(i fated with insulating varnish on account of their liygroscopic 
nature, and which are in fact chiefly to tie regarded as carriers of 
the varnish, so that they should possess mechanical strength. On 
these grounds Manila, Willesden, and bond papers are valuable, 
since, besides being mecharucally strong, they show a f airly uniform 
disruptive strength under different conditions of thick mss, tem- 
}H*rature, and duration of- tost. When untreated they break down 
with a t htckm^s of 04MJ6* approximately Udween 350 250 maximum 
volts per mil, and when built up to 0*040* between 235-150 volts 
jht ikiI , but with a good vainish or impregnated with hot linseed 
oil for some* -lime (for which their tibrous nature renders them well 
suited) and thoroughly dried, these figures are raided to amounts 
varying from 1,000 4100 m thin sheets, and from tfOO-390 volts in 
thicker sheets resort ively per mil of the thic kness after treatment. 
Wry ivarefullv ptcpaicd pajxrs teac h a strength of even 1,250 to 
1,500 maximum volt* per mil. On the whole the pujx-is are better 
electrically than the linens and impregnated fabrics, but are 
mechanic al)v not v o strong. 

Ashtsio s' paper is to a miMdeiable extent incombustible, yet is 
of but little use* owing to its being strongly hygroscopic ; its dis- 
ruptive strength is onlv about lot) maximum volts per mil, but can 
be inn eased by soaking in insulating nib or paraffin wax 

All pajxTs and linens should be carefully examined for pinholes or 
metal pat tides adhering to their surface. 

Of recent years, cellulose acetate has been Introduced as a new 
insulating material whic h i> non-inflammable and a good insulator. 
It can be moulded into tubes, and its ultimate held will depend on 
its durability which a longer experienc e can alone show. 

As a plastic insulator which can be moulded, a rmdensition 
produc t from the chemical action of phenol on formaldehyde, known 
as M Hakelite " from its discoverer. Or L. H Hackland. has also 
met with coiisideiahle succ ess 1 subs or .is packing-pieces. 

The function of insulating varnishes i>, in the first place, to rein- 
force the disruptive strength of fibrous materials bY tilling up their 
interstices and covering thetcsunacepvith a layer of highly insulating 
material ; in the soce ul place, to prevent the re-entrance of moisture 
into their penes after they have once been well dried ; and finally, 
on exterior surfaces to give and maintain k smooth hard finish. 
t Thc vainish should be quick drying, without requiring the use of a 
large amount of an expensive and highly infktfnmable solvent to 

thin it and to prevent it from ^drying up in the dipping bath. It 

•- 

1 See * 4 Mmiklect Insulating Compositions," by R T, Fleming. Joitm. I B E. 
Supplement to Yol. 57, 1919, p. 3‘Ja.c 
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should be chemically stable ,iand should not foifbtin free resinous » 
acids which attack copper and produce greet! salts' of very low 
resistance ; it should not soften under heat, ajtd should W water 
proof and unaffected by lubricating oil. l^jKs ially is it deniable 
that varnishes should not become brittle, u.uk or peel off, hut 
remain tough, flexible, and elastic after prolonged heating ; undet 
the combined effects of heat and lonf;-< ontmued vibration they 
must show no tendency to disintegrate iqto‘ jMiwdei. # 

Shellar dissolved in methylated spmts dries tjui< klv and sin ks 
well, bill becomes brittle loan ^ge and \ibialton . *it is tlu u foie 
unsuitable fot general use. and a sfmifa! •liability to jxiwdrttng 
forbids the in* of copal and usphaltum vai rushes. 

The action of lubricating *ul on varnishes is tliai*it unites 
part only of t he const it ueiits of t he car nish. and t : << n» ■ h^i fates it re 
acids which attack copjn*r, as evidenced bv green d. 4 o|<>rati<>ns, and 
finally reduce the resistance su much that bteak-duwn follows. 1 he 
paraffin non acid varnishes are fier from the liability <«• chcinn al 
resolution, since they unite wholly with the<*il without h'Miig # theu 
insulating probities; they are. however*. difh< ult to dry and to 
handle, do not giie a smooth hfird surface, and from the very k‘< t 
that they remain pltsti* After prolonged heating me liable to be 
thrown out hv the action of centrifugal f"ice m the i.n' of 
qm< klv rotating: < oils 

[Vre remain^ linseed oil with « »i without admixtuies of vegetable 
resin^ and guiil"-. linseed ^»ll recjuilrs to hr <»\idi/rd*lll older to 
dry it. s< > that the Vlvantage of the \amum < hambet in diving 
without the*apj lu ation of great heat is hugely nullified. WU<e ail 
has to be admitted at intervals and sowing is as effr« five and more 
rapid ; further, the oxidation pi < k ess <. ontinued by the i apid rotalion 
of well ventilated armatures m time icmlers the sm hue bntlle 
1 he well oxidized substance has been tailed lin<»\yn, and l* a 
stable body. sAlrtf, but sightly flexible. 1 budej sAeie conditions 
as when o/.oite is produced bv silent ele* tiiMati' dis haige between 
insulated wires and the slot insulation in exlra high v* dtage alter 
natofs, the oxidation process m tamed too far and as the result 
nf this " super oxictat mu *’*the insulation becomes soft and pasty 
Chemical product* are then formed stimuli are soluble in water, 
corrode the insulation, and attack i he copper, Lastly, then* is 
some risk of oil combining with liiwvd-oil varnishes under the 
’ action of gentle heat. \et on the whole for impregnating purposes 
the balance of mlvantagg may perh.yis be sard to icM with linseed oil 
compounds, since they can Ik* gijen various (Agrees of quickness 
in drying, of toughness and of smoothness of Surface, according to 
the purpose which they are to serve, and it is la tter m practice 
to prevent lubricating oil* from reaching the varnished* surface. 

1 C. J Beaver, J out n. ItE.h • , \oi. 4?, p 552. 
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Cotton-covered coils should be dried before the vanush is applied 
since ac id moisture in the covering may with the linseed oil produce 
deterioration. Coil^ varnished with linseed-oil frequent lv show 
a greenish discoloration of the cotton insulation dm* to the action 
of weak organic acids on the copper wire, but such discoloration 
is practically harmless, and must not be confounded with the 
rmrosion du« to high-voltage dischaiges . 1 Linseed oil expands 
in diving, which is of advantage in closely filling all ]*>n*s. 

To withstand the acirl fumes incite proximity of arc umulators, 
special ext ei i* t, enamels. ate required. 

| 17. The insulation oi armature wires.- Tin* armatuie <«m- 

ductoi ar<- either round wires (in s|h*< ia] cases made up into stranded 
Cables) or solid fkirs of rectangular for less usually of square) 
i ross- sec i iq»i with slightly founded corners. In all cases soft 
annealed coppei is employed both f« »t the active conduc tor and 
also for their conm*«tois ( and such copper is now commercially 
obtained m accordance with a standard of condm tivity det'ined bv 
inter national agieement . vi/ , that a metre length of Standard 
Annealed Topper Wire 1 sq. mm. in section tl aiea, has a resistance 
of .'^th of an ohm at 20° ( ., so that iis resistivity at* that tenqx-ratuiv 
is 1 -724 microhms jx*r cm. cube. S<» long as the < urrent to be carried 
by each active conductor does n«»t exceed about So anqxTc-s, solid 
wiles of cite u hi r section can be used ; their diametei will not exceed 
0*150' and they can be readily bent or shaped. Single-cotton 
coveting <l<Vs not give* sufficiently good insulation for armature 
wires, and double cotton covering by itself is only suitable for at ma- 
lm es of low voltage and on small win-s. since it is apf to «»jx*n out 
ulu n tin* wile is bent. I ><>uble cotton cov -ring adds 10 mils to 
the* diameter of a wile measuring 0-050* or less, 12 mils to the diam- 
eter of a wiie measur ing from 0-055* to 0-075*. and 14 mils to the 
diametei of wires above that size, the thickness of the cotton thread 
employed being increased on the larger wires. A linear thread may 
also be obtained at slightly increased cost by the* use of which the 
increase of diameter* i^ reduced to 6 mils for wires from 0*028' 
to 0*036* diametei. or 8 mils from 0-040* to 0-050* diameter*, and 
above to 10 mils. Triple -cot ton covering is too thick and wastes 
spac e, so that the most usuhl insulation is a braided cotton covering* 
With fine cotton this may be taker as adding 13 mils on a diameter 
of 0-060' or less, 15 mils on to 0 T 0 O' diameter, and 17 mils if the 
bare diametei be 0-160*. 

The percentage of the total slpt area which is filled with copper in 
a toothed armature turns upon ttvo entirely independent questions. 

4 The first, which is fo> the present jx»stponed. i^. the relation between 
the thickness of the insulating lining of the slot or envelope of a 
composite coil to the width and depth of the slot, which will depend 
1 A. P. M. Fleming amt R. JotytsGn, Jnurr, /.IE F.. Vol. 47. p. 550. 
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area of eat h wire and also u|*>n its sh<({*\ The smaller the wire, the 
greater tin* span? which the thickness of its insulation takes up in 
proportion to its area, so that small outputs, high voltage**, afld low 
s|H*eds all combine to demand more room for insulation than their 
<>p|M'sites ; further, small round wires utilize the space* much lev* 
efficiently than conductors of the same area with square or rect- 
angular < mss -sec t ion. The ratio of copjior to space* occupied for 
small wild laigr < oiidu<>a*. ie*q>»*i tivrly, or their !' spac e fat tor/* 
is plotted m l*ig-v 147. 148 m relation to their cop]x*r area ; from 
these figim » ii numbei of colicluxoiis an* evident to the eye. ami 
it is at once seen how fai it is possible- to go in making use of the 
available Space to be occupied bv the* eoJldiK tors. 

1‘miblc* silk coveting lightly varnished only acids from 3 to 5 mils 
to* the c li4*uet c*i , .t in l since very small lound \uic*s below U-O40* 


Ratio of copper to space occupied 



diameter, as used in small motors, are. when silk-covered. less than 
twice a> expensive as cotton-braided wires, the saving in the space 
whic h they take* Up as shown in *Fig. 147 (on J he supi>oMtu»n that 
there is no bedding ol tlu* round wires) may more than compensate 
for their increased cost, while for still smaller wires the use of silk 
becomes a necessity. Wires lfss t(ian 0*040* in diameter, however, 
hardly enter into ordinary dynamo practice*, and above this size 
silk covering i> prohibited by the fact that* it more thaij doubles the 
cost of the insulated wire. A dine cotton-braulinjJ will add 14 to 
15 mils to each dtmension of a ) small rectangular conductor, say, 
0*100* X 0*050* bare, and such conductors, cfven though of small 
area, soon show nearly as gooj] a result, is si Ik -covered round wires. 
Square conductors which would utilize the space l>est are in practice 
to be avoided, as their tendenv> 4 to turn or# edge renders them very 
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difficult to wind and to liendP without dangti of they cutting into * 
the insulation of neighbouring wires m the same tod. Ihere is, 
however, no very gieat loss of space with re. tabular braided who 
with 4 : 1 ratio of depth to width, ayd still less with 2 : 1 ratio, so 
that for anv area* above. sty. o il* \ iM»55'a int jugular strip is 
to be recommended 

We thus pass gradually to " hai -win line.” the thineiisioiis of 
laige lectahgulgii bars being uwleasrd b\ V O'iO with doiiblr*cotton 
covering and bv tMi25" with binding. whuh is po fet.ible l he 
cuiVes foi the extreme cases < >1 « Mju.^ie s-itu-n aiuf a lrctangulai 
section with a tatio 10 ; 1 for the dma-iMoii* of its sides, .md both 
with 25 mils of insulation on thru thickness, .oe p\eii m bn*. 148. 
Where the t<»ndiKtoi is thin and deep, so that bt.U'iine wuidMuft 
lie closely a^aillst its deep Side, and lui the! . win u *h- te «- only "lie 
turn pel sect 1 "!» , the Mippel stnp Will fllst hr l m lit t" its Ie<pil1ed 
shape and will thru be wrapped imind with t half lapped co\eiing 
<4 thin cotton tap- ij/.n J'wide * iMMi* tin. k ) in a taping 
mat lone 1 I he four thicknesses of tape .rt« thm etpnv il«-:tt b> 
the braiding. and add 25 mils in the duue!M"in I he -am. a bo 
applies t" lai I ».fi s, im« h of w hi. h foi ii’s oiir lit it of a loop, t lie two 
halves buna subsequently united by a soldeied joint m 'Itr pi ". ess 
of winding the at mature. 

Idle Hindis ot all ion.lu. tois of j e* languid m «1k»m ate lightly 
rounded otf m the m.itmfa. tui«*. In ail . .ns the m-nl.Ot d bais oj 
t Oils forming a . ■ailjj > o^itr g%»Up cone-jcoH'ling to a dot ate dipped 

in an insulating vainish. s., as to i nine t h"i oiighU impi » -gnated, 
and afterwards dned in a \atimm chambrt 2 ot dove. In big. 148 
an allow. tin e .*1 5 mil* on th»* dinirieioiis has been made lot the 
varnish win. h thus s,»,tls into the braiding "i taping 

I’nder prolong d heating. «-\vn if the bnl^iaiui. do, , not much 
evceec l IiH^ ( ^t hr < ottoii . o\entu; of wire's and bai -* ) 4 »» gm" in < our*- 
of time t«. deieimiate ; it turns blown and Incomes < at boiti/ed, so 
that, although its insulation i<sistan<< mav ^]di tetnatn veiy high, 
it«is friable and me. bam. ally weak and ft oin 1 1n- fa. t an uiipu 1 ant 
limitation is mM 1 # tin* y-mp r^tty »• wheh Ihe dvnamo should 
in ordinary working lw allowed b> lea^h 

• ) 18. The toothed drum armature. In addition to iis pet feet 
system of driviftg the conduct . f s. *hi. Ul. cl .c* they an- bom the 
. greater part of the magnetic drag (< hapb-r IV, § 7 ;. th. dotted or 
toothed dnijn armature kas the additional advantage' that it allows 
of the 11*; of scflid bars *.f much grater width than arc- pumssiblc 
on the smooth -surface core. Suite bv in the- ‘greater priori ion . 
of the flux passe* through the teeth, the density of the lines witlnn 
the slots is but a small fraction of tl 1V iveiagc density in the air-gap 

1 See Turner anh Hobart! The lnutt$* ■« "/ Sfarktnt'.. i hap XIX. 

» Ibid , Chap XX * * # • • 
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i of a similar armature with smooth surface ; the j*>ssible range of 
density within any one slot is therefore very greatly reduced. 
Consequently at any moment the difference in the density of the 
flux rut by the two sides of tjven a fairly wide bar never readies 
the magnitude .that it would have in a bar of the same width on a 
smooth-surfa* r ai mature as it emerges from under the j*»le-edge 
wheie the air gap flux-density < hanges very rapidly. 1 he sos alled 
eddya 4 irient loss in the, eoj»per bars due to want of uniformity 
in the current -distribution over thep action i^ thus guatiy reduced. 

Lastly, the slotted ai mature is w ( ell fitted with it > piojetting iron 
teeth for the rapid di/sipUtion by ladution of the heat generated 
within it, and can he imt< h better ventilated by air canals than is 
possible ill the smooth surface core which is entile!}' covered with 
a Heat -retaining lave! of insulation, luu all the-** teasons, the 
toot bet l armature has displaced the smooth-surface uiinatuie 
formerly in vogue. 

Hie sIi.ijn* of the* slots in the toothed core permits of manv 
variations, but if it is »>j>en at the top the* width of owning usually 
does not exceed twice the length of the single air-gap. 1 Otherwise 
the unequal distribution of the tlux c aused by tlr, alternating slots 
and teeth becomes extended in a marked degree to the* holed face 
of the pole-piece (cp. Fig. 28) ; the passage of the lines as they 
sweep over the pole-faces will then set up eddya uri cuts in the 
solid mass of the pole, and the loss of energy and heating 
due thereto may be so gieat as to necessitate the 1 mun ition of the 
jHile-shoes. 

The liability to eddy-cunents in solid poles is largely reduced by 
employing half-closed slots (Figs. 1496 and 150), and is entirely 
obviated by tunnel armatures, in which a number of holes are 
stamped in the discs close to the periphery, and the wires are 
threaded through these holes after they have been lined. w it h tubes 
of mieanite. Moulded tubes or troughs of micanite. or inegohmit 
can be procured in every variety of shape, and can be slid into 
tunnels or half-closed slots ; their disruptive strength will reach 
750 maximum volts per mil of thickness of t^e wall. Such 1 half- 
closed slots or tunnels are, however, attended with the disadvantage 
that the inductance of t lie active conductors is much increased) 
and the difficulty of comniutavion^ind of sparkless collection of the 
current is correspondingly greater ; hence in practice their possible 
use is largely limited. Further, the insertion of the wires or bars 
is more troublesome than with«opcn slots ,. go tliat Vhe form shown 
in Fig, 149<i which is adapted (o receive a wooden wedge or key 
is that most generally used for continuous-cinrent dynamos and 
motors. 

The slbt- pitch may vary from Jin. in small nniclynes to l|-in. 

‘ See Chap. XXI, § 27. 
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in large machines, with such •proportions of slhfand twulv -width 
at the top as below — 
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Tlic total depth (-1 the dot range ft 4 *ni '1 1- 4 dot ■ 

width, and •averages pet haps !t times. It is, h«»\Nevei 1‘^-lv 
limited !»v tlu* diamete*<»f the annatme. With dots having p-uallel 
sides, the smaller the armature, the gieatei the pioj*»rtioiiaie 
reduct i<*n in the width at the root of the t«#»th u n h»r a slot “f the 
same depth, as will be obvious from Fig. 14M. lh n< e with a imi n.al 
density in the.atf-gap the ihivdendl v at the i«h,|s nl the teeth ami 
the .saturation thereat will be unduly gnat utiles the depth oj the 
di*t is limited to s»u h values as tie* (< ‘11* >\\ mg 1 
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I 19. Insolation ol apnature co$e and coils. K< tinning to the 

process of'< onstruct mg an ordinal \ Mrmn ann.iiuij . the toothed 

discs have been built up into a < vl'ndriral < on* tin n<xt sli p will be 
to smooth otf all sharp edges against wl.i. h any jH.rtion of the wind- 
ing is liable to be pressed. Afse^lly It the ends of the do* wWr 
the winding Vifl proje^.^Any i*».^hne-s along the sole, of tlu 
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slots will be rembv'ed by filing, ami Lhis operation must be cleanJy 
and sharply 'done no as to minimize any chance of burring over the 
edges of the discs ; in hu t, the* tile must he list'd as sparingly as 
jx>ssihl*,\ so as not to bring the discs into contact on their surface, 
whereby the advantage of thr lamination would he largely nullified, 
and paths hu eddy*ruirenfs would be formed. I he need for great 
(are in thi% i esprit and lor good workmanship t" secure a low 
» ore In s has already l>em emphasized. 

At the I'luh of the ( ote t h<* ring a forming the mm tings for the end- 
roitiin tors of«the cmU will be insulated with layers of paper, press - 
spaltn, or in high tension <na( hines of rnicanite. projecting well over 
any met. d lie sin face m < lose pmximity to the i oils. I he insulation 
ean here be made thicker than on the active surfaces of the core, 
si rtf e space is not so valuable. All joints or seams in the insulating 
(overmg iv»|im«’ paitimlar attention, so that there mav be no 
likelihood of the winding making contai t with the cote. The whole 
is then hndlv varnished and dried in order to rid it of all moisture 
preparatory to winding 

I* or a test piessine of 2,<MX) R.\F S volts for one minute at ISl ( .. 
or ot dinar v atmospheric temperatures, a thickno.s of insulation of 
0035* from copper to iron would give a* fa« tor of safety of at least 
3 with the usual materials employed, and for a working presume of 
500 volts thK t luck ties-* would be ample. With 250 volts working 
pressure or less, mechanical considerations demand much the same 
thickness o, v msiilatron, although the material may be of less electrical 
strength. 1 he percentage of the total dut area which is taken up by 
the lining and insulation between the two Livers of coils ’..ill obviously 
vaiy greatly with the dimension-, of the slots, and the difference 
or the portion of the dot area winch is available for the winding 
will rangi' from 55 pei t cut. with a slot J* \ to 83*5 per cent . with 
a slut 2] T x while for very high voltages the percentages may 
fall much lowei. It is not theiefore advisable to 'employ a great 
number of veiv small slots, owing to the waste of spare in their 
insulation, and two or more sections of the armature winding ;ye 
usually groujvd in one slot. The product of the above av. friable 
jH'iccnt.iges with the' percent age deduced from' logs. 147 and 148 
will give the ratio which the copper area bears to the total slot area 
and evidently this mav vary very greatly, a high voltage not only 
demanding a thick wall lining, but also being usually accompanied 
with a small sectional area of wire, especially if the output l>e small 
and the speed low. , , s 

With open slots either the slots mav be lined for the reception of 
the conductors, or tin’ conductors may themselves be encased with 
t)ie wrapping which is to insulate them from the iron core, the 
latter be\ng the preferable plan. Jn either case’ the wrapping or 
slot lining will be built up of practically the siime materials and in 
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the same way. Two ot mor* thin layers are Wteyhan a single 
thick one, as giving greater flexibility, and one at least «| the layers 
must jtossess sufficient mechanical strength and Jiardness to prevent 



i'IG. 150. H.ilf tlt'Srtl sift mstjl.lt' <1 << ; S'vtt \..’i 


uny danger <»f its being rut when pu-ssedlntn it^ pl.ur vntlim tin* 
slot. Thu*; f<»r 5<40 volts tin* insulation <>f big. ISO nuv 1 m* in*( 1 
with a h.ilfn ]«'S4‘d dot. With an ojM'nslot, nmainte ni megohmil 



plate is readily moulded in ylace, a strip of the required dimensions 
being heated yn & plate by a $*s ]«*?, laid in a slot, a neb pressed 
down tightly into its cor per^y a \***k 1 or non bar having the exact 

13 — <5045} 
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internal shape oi the slot when insulated. It is, however, even 
better to insulate the composite coils first and afterwards to press 
them into the slots ; a wrapping of oiled linen, 0*0125* thick and 
over-lapping at the top, is placed next to the wires, and over this a 
nearly dosed hot not overlapping channel of rni*. unite 0*010* thick, 
the whole being then hound round with a half-lapped spiral of tape 
0*006* thick and }* wide. The tape is not reckoned to add much 
to the insulation, but is - hirfly to retain fast the composite group 
during the processes of dipping th^m into varnish and forcing them 
into place, as'in lug. 151, w)iieh show*. the < oil , afterwards locked 
with a wooden k<*y. ?he thickness of a single side is thus 
00125* {- 0010* % \ 0*012*, or say 0-035*, and of the double insula - 

fior at the top and bottom «>f an element is 0*037* {- 0*020* •{ 0*024* 
*■ • \ 


Colton Qraidtnjj 



152 . - It\Hulate<t slot of toothed armature f«>r 250 volts. 

or say 0 080*. For 250 volts the same will again hold good, save 
that for the micanite will be substituted a channel of press-spahn. 
also 0-010* thick, to protect, the oiled linen, or the insulation may 
be as in Fig. 152, which shows the bars coming dose up to the top 
of the slot in the less usual case of their retention by binding wire. 
In all cases the slot ’insulation must project J* beyond the actual 
length of the core at either end, and when the coils are not wrapped 
round as a whole with the main -insulation a strip of micanite or 
press-spahn will be inserted to separate the two layers of conductors 
between which the full difference of poterrial of the machine exists, 
and in some cases a corresponding strip a* the top of the slot. 

Thus in designing, if 30 mils are allowed for the double thickness 
of the cotton braidihg or taping on each wire or bar after the wdiole 
coil has t>een varnished, and a small play of 5 mils be added to each 
bar to Allow for slight irregularities ; further, if 0*075* be allowed 
for the double thickness of theSvall ii/mg or coil wrapping, a total 




• CONTINUOUS-CURRENT A RMA TURES 331 


deduction of 0*075" -f (0-03T" x number of ?ondii|turs abreast) 
has to be made from the width of the slot, and tlu* remaitul si divided 
by th* number of conductors abreast gives the pgimissibic thickness 
of the bar or diameter of wire. Or. if n M - number of conductors 
abreast in one layer in a slot, and the <opp*i thickness of each is 
/ inches, 


/« 


(81) 


u . --0-U7.V 

• tM«5* 

» c • * 

If the bars are heavy and ^ili, say larger than 0-1" X 0*08", 
an extra allowance of some *5 tc#t> mik ^ f bar should be made in 
the width of the slot. From the d* pth of t!*e slot h t tie le must be 
deducted 0*180" -f (0*080" X nmnlfr of layers), the nmics l>oing 
tightly held down, and the iemaind<-i divided h\ >t t , thojmiflber 
of layers, will give the i**i miscible depth of *« nduetni t A i or with 
wooden wvdge 0*2" thick 

h, u 30 o* 

_ — 

fit 


undo" 


(82 


while as above if the bars are dr* (h i tharf an addition.il allow- 
ance of a few milt will be requited. If a sjH-ciallv fine hi aiding is 
employed, the bar allowance may be ndu* ed to 0-025* ajul 0*020" 
in the width and depth ivsjkh tively. 

$ 20. Dnjm armature winding. I (a) Hand-wound ooil*.~ 
Although the various kinds of drum winding pass by natural 
transitions from one into aether without sharp (list impious, they 
may broadly shaking In* grouped into two < lasses, according as 
the armaturc*is (I) cod wound, it. wound with round wire «c strips 
of comparatively smalk re< tangular sc* t ion, in coils usually of two 
or more complete turns, the wire being wound or shaped in its 
insulated state, or (II.) bar-wound with condmtos o massive 
rectangular^ sect ion — insulated after shaping 

In group I which coincides pra* tie ally with machines of small 
or medium size and output, tlu* c oils may be* either (•*) wound by 
Imud directly on to the armature tore, or th\ \hapcd on formers 
prior assemblage on the # core. • 

In hand-wound armatures where the loop?, overlap each other 
*s they pass round 4 he shaft at either cml % the differ* ne e of potential 
at the crossing -prints, since it amounts, t° the full h.M.K of the 
# machine, is apt to destroy the intervening insulation and lead to 
short circuity; further, the repair of *my on** loop almost invariably 
necessitates thetomplet%unw r inding*and rewinding of th<* armature. 
Owing to these objections and it\ greater expense, hand-winding 
except in very 2-polc machines has ban superseded Uy 

former-wound coils. , % 

| SSL Dram, tfmiture windii*. I. (b) Former-wound’ coils,— 
These are shaped on " loners M fnor to being assembled on tlu.* 
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armature* corf/, they arc* therefore* perfectly symmetrical and inter- 
changeable, and haVe the further advantages that they can be well 
insulated by wrapping* of limn, micanite, paper or tape, uiu be 
test cel before they are placed ijt position on the core, and are them- 
selves inexpensive to wind in the lit *4 instance . The guiding 
principles on which Hie foilin g <»>iU are .diaj>ed are follows; 
either the coil is Io/enge-^ha|H<l with its centre wider than the two 
parallel and straight inducing sides, oi the two halvt;* ot a complete 
coil are of different width ; in either case one side of a < od living of 
smaller width 'can be parsed through the wider sides or centres of 
other < oils. If ( be 'hr f, total number of 101 U, the hist < 2 /> culls 
are placed in sinie-.si«»n on the core, one side of ea« h being in its 
final position' and the uthn side being tcnq*iiarily and loosely 
held in pl>*<e. I he winding now pioceeds, both side- of each coil 
being fixed in then ttii.il poat ion, until theie onlv remain t 2/> coils 
to Ik* wound. 1 he nntlow side of these lias to be passed tluougli 
the sides of the first f. coils, s«» that these latter aienow lifted up 
it little to allow of the inttoduction of the remaining roils, and 
as each of these is placed in position the hist (.' 2/> coils can be 
successively dosed down until the whole armature is finished. It 
may here, at the outset be mentioned that a trajv/.oidal loop or 
coil, in which every end connection passes across the pitch in one 
straight line, is seldom or nevei Used in practice ; as. a coil on a 
former-wound armature, its side of l.-ss width could be passed 
through the greater sides of other < 01 ^, but whethei on it former- 
wound or on a bar-wound ai mature, the use of one long and one 
short stlaight conductor joined by Wanting eiul-c •onne«Kors is vetoed 
by tht* fact that the axial length required dor the whole mass of 
eml -connectors is nearly twice as great as that requited when the 
end-con nectois, changing their direction of slant at the centre, 
first recede from and then draw inwards towards the jure. It is 
therefore invariably the case in all except hand-wound drums that 
the end-connectors at theii centre are given a twist, or are so formed 
by bending that they are as it were enabled to pass by one another 
in regul.it succession - they theiWall either int/> two layers coaxial 
with the shaft (Ihirrd winding), or into two whorls in planes at right 
angles to the shaft {butterfly or involute end-connectors, which arc 
very frequently but less accurately called. " evoliKe “). 

Thus tlie distinction between barrel-winding and winding with 
involute end-connectors is that in the firmer the eml-connectors 
lie on the circumference of a cylinder practically of equal diameter 
with the core, while in the lattet the end -connectors are bent down 
irtto planes at right* angles to the shaft. This distinction occurs 
both with " former-wound ” armatures ;ind with the " bar-wound M 
armatures to be described later, afid applies to both cases equally. 
In barrel-winding, either ,ever„y MternVe eminent must be cranked 
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down al each end so as to bring ils ernl-tonnei lions into a layer 
below those of the other elements, oi the elements mu>i them- 
selves be in two layers, and between the elements if am one layer 
there must tx‘ intermediate gap- neg tilled with mmlrn tots. Die 
latter londition i> at once given by the - b*: <1 armature, since in 
it. one Helming side of eat h t oil h^b injo the appei laVel ami the 
other side into the lo*\er layer, while the •inter \eniAg non teeth 
supply the nev-sMty spaces l*‘i\mn th^ elements of eat If layer. 
Barrel winding is therefore by h* the nio-t widely used method tor 
timltijxtlar mat limes witli Mottl'd a*maliTt*-s ; fuifht i, although 
former -wound mib may be used on l>otfi smooth .onl -lotted 
,n matures, they are spe< ially suited t< » 1 lit -l.it to w h< n h ot < ! w mind 
and for f«*ui oi more }*'les and it is chi< fly on M.k ■ . t«auu ilia fy,', 
multi|K>lai machine now limb favom own f<>r t • -mpaiat^ ely small 
outputs. 

1 he shapers employed for forming the i uib, whether 1« i baiiel oi 

inv» »lute sv Hiding, at e very vai ions, and a < oil ma\ be b.u i »■] wound 

• • 
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at one en«l ..mi be oi tin* involute t\{*- in « »i d* i i" < < • nomi/e cpa< e 
at the othet eld * 

1' wo 'lilt^ieii^ n^ thotb t if nunufattun may. le-w^wi, be <hajlv 
distinguished* eithei the wires an* wound in tlm lit t imtame into 
a dmple mil whhh is afterwards shaped by hand oi mat lane into 
the i^.u t form in whuh thev .ire applied 1*» : ■ <■ armature, or the 
i oil is irnrnedi.it elv mound the nftpyn d diajy m .» gtoowd wooden 
or east -iron mould, the wires being hidden < lips as tj»< « oil n for riled. 
• In the first < as< *a generally adopted pnrxsdun* f < r barrel mtuhng 
may Ik- de-cribeifas follows AcJordfhg a 1 * t h«*r o an- 1«. b«* f wo, three 
• or four commutator suitors jnr slot, two. three, or font <ondiKtois 
are woiim I abi east in a h*he from asbiany drums oi wire arranged 
m tandem pn toft wooder? < hannellevWrame, so aslo form a < omjMisite 
lozenge -shaped « oil v as in big. 153. % I he nose oHfte < oil i* then fixed 
m a vice or in a sj**iai machine, and the two sides o f the \ a fe 
pushed apian from one am 4 her ; l)*% same pnxess n n j«ated at 
the second none, «a ml by this nuftms the twnt is given at each end 
of the coil which causes jt t^all info an upl>er and a haver portion, 
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corresponding' to the two layers «>f the finished armature. After 
being roughly shaped by hand the coil is then hooked over the 
shaper of Fig. 154, si nd by turning the handle its two portions are 
made to recede from one anoin t, so t hut the coil is forcibly drawn 
out into its finished. shape. The same result may al^o l*e obtained 



hinged IdgelhtT, of radius equal to the radius of the armature, and 
each half holding liimly in a slot one side of the < ml ; the two halves 
are then rotated apai t about t he lunged joint , and the doil is opened 
out through an arc corresponding to the winding pitch (cp. Hr it. 
l\it. 7373, 1900, LangdonThivie-s amfSoann- ). (V t he former on 



which'thc coil is wound may itself be in halves attached to a machine, 
by which the one half is pushed apart from the other (cp. also Street 
kailway Journal, vol. 18, pp. 2 and 3), the Necessary curvature of 
the enc^ being imparled a forwards. r 

From Fig. 155, which shoes' a single separatt section when 
formed, it will be seen that a wit;e wfifch h at the top of the upper 
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layer and forms the beginning of a section leads on U a wire which 
is at the bottom of the lower layer, so that finally the free ends of a 
sectiort come out respectively at the tops of the upper and lower 
layers. If the required number of sections jn»r slot is such that a 
normal width of slot leads to an inefficient section of conductor, the 



Fio. 15 C. — Composite coil, three sections deep. 

* ♦ 


section- must be wound on the y>p of one another, as in lug 15b, 
which shows a cofhjxasite coil of three sod ions wound on the top 
of one another, the width of the coil being only that of«two con- 
ductors ; but this method is only possible with lap-wound ainulmes. 
If the armatiire is lap-wound, the free ends of the section an* bi ought 



• Fig 157.— Finished coil, three tectiofw abreast, fur lap-wound wmtiie. 

. 

along the finds U the c<*il to the centre (Fig. 157 corresponding to 
Fig. 153 and Fig. 158 to Fig. 156), ready to be* afterwards unitc<i 
at the commutator togs in their proper sequence after they haCe 
been placed on the armature. \ 

If the armaAuic is waye-wouifd, the ends of the sections are led 
away in opposite dircftiodl, syice •they arc to be soldered to 



CHAPTER XIII 




* CONTINUOUS-CURRENT A RM.i 77 RES 337 

♦ 

commutator sectors which are at some distance apprt ftom each other, 
((p. Figs 93 and 177, the latter illustrating the connections for 
a single wave-wound station, consisting of two turns or loops). 
It is evident from tins latter figure Jhat the layers of commutator 
connections proceed in the opposite direction t«> the end of the coil 
fiom which they spiing. and that •theiuCore those free en<ls which 
would naturally fall at the top of the bottom layer must at some 
part of their ccurse be bent down so as t<1 clear the lH>ttoni*half of 
the coil and come out at the exacme bottom below any other part 
of the coil. The passage of the five etul^ffoin t lit* top of the lower 
layer to the bottom may In* effected at the commutator end close 
to the armature cole lvtwvm the f*lots ; hut il ihe width of the 
teeth at their loot d< cs not give sufficient room between the slots 
it Urc* lines preferable m> to wind the coil that the passage is made 
at the farther end between the noses of the mils. How the winding 
must he ai ranged in older to effect tins is seen from the two views 
of a wave-wound coiiqx'Mte coil in Fig. 159, where the lowvi layer 
of the uplM-i half i“> i.itKil to pa^s to thc # lowet layer of the iWei 
half at the end farther from thivcommutator. 

After forming flic emb, Jap- oi wave-wound as the ay may be, 
their slanting ends ale t ajx*« 1. ami the straight aitivc |**ti<»iis are 
wrapped round with the insulation as dosciibcd in § 19. The mm- 
posite coil then varnished or impregnated after drying to expel 
all moisture under a vacuum in a small chamber coiipnimi* ating 
with a hath of the ululating medium employed. It is next finally 
dried in a stow or diying chamber, and then forms a minpact and 
easily handled element, the sides of which exactly fit within tile slots. 
Or the coil may be staked in varnish and piessed into act urate 
shajxj in a steam-heated mould. Prior <o assemblage, cadi c oil 
can be tested f >r short-circuits between its several turns by a small 
transform**, o^ej; *he central core of whidi the toil is slipjH'.d so as 
to act as a secondary, an alternating cm rent being passed through 
the primary ; when a short-circuit exists, the ammeter shows a 
grlatjy increased secondary current, 1 and the mil becomes heated. 

The winding of a coil immediately* to the required shape is hardly 
feasible with rectangular wire of considerable depth, but is common 
tvith round wire. The shaper is then in two halves fastened to- 
gether by a central bolt, and is *5> formed as to leave a deep groove 
• between its two halves ; it is mounted either vertically in a lathe 
or horizontally, and is tiVrned round m quarter steps wlien release**! 
by a foot lever,* so as trt allow the Vinder time to arrange the wire 
in its place between each quarter *revolut ion. # fig. 160 slums one 
such coil for a baifel-wound armature, and a number may oe 

1 See Turner»ai^t Hobart, The h&ulalion of Electric Men hint y, ft}), 255 ff., 
for such testing transformers, fp. aim Miles Walker, Ihe Dtugnoung of 
Troubles in Electrical Machine*, i»j». S' -33. * 
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arranged sidet>y b\fk and Ixnmd together to tern a composite coil. 
In order to bring the free ends into the top and bottom layers 
respectively in the case of wave-wound armatures, the coil iftay be 



begun at its centre, om/half of the wire being foully eoiied \ip at 
the side during the winding of the hint half, ifnd the coil being 
finished l*y winding the second half in The op|x>site direction. Or 


« » t> 
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Fig. 161 . — Winding o( barrel armature. ♦ 

• • * 

t^o separate halves yiay be wound, and afterwards united by a thin 
sleeve of copper soldered to a pair of free ends on the side farther 
from tlu; commutator. * * 

'Hie assembling of the composite coils on the* barrel-wound 
armature is shown in Fig. I#l. f Qne side! of each coil is pressed 


Continuous-current armatures m 

down into its place at the Ixttom of a slot ; fhc uoper side of the 
first Cfip coils are at first only loosely arranged, but after these are 



Fi'~. 182 — Insertion of last coils of tairrH rirniatunr 



Fir, 1 83 . — Con nm ting up to comnvitator. 


. # / 4 

assembled both sides of each coil are pressed down, the one into the 
bottom lay$r and the other into The top layer. As the winding 
approaches completion tlvp uppfr sides of the first coils are lifter 
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up, to allow of tM* insertion of the last«T/2/> roils, as seen m Fig. 162, 
where a roil is show'll in the process of being threaded under the first 
C‘,2/> roils. I he commutator is next placed on the shaft, and each 
of the free ends of the toils is inserted into its appropriate com- 
mutator lug, tl^e lower layer bling treated first, abd afterwards the 
up|H*r layer (Fig. IBSj. Alter soldering the pair of connections 
forming the beginning and end of two neighbouring toils into eat h 
lug, thfc* armature winding is finished (Fig. lod;. # 
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S 22. Axial projection o! end-connections in barrel-wound 
armature. -The total ajyal length / # by w hit'll the coils of a barrel 
armature project from the core at either end is calculated as follows. 
The angle a, wltit h the sloping )*>rtinn of the coiT makes with 
the etlge of t he ai mature core (Fig. 165). dejieiuls essentially upon 
the ratio which t he witfth of a composite toil bears to the gap between 
itself and its next neighbour whet*‘ they are straight ; the folmer 
width may be identified with tlfe width rtf a Sofuv and the latter 
with the width of the toot If ir t . Let i/ the clearance between* 
neighbouring composite coils, light angles to tlvur direction of 
slant ; for purposes of ventilation this will usually be made on the 


under- ail face about jf/ to JC, The hyp^eimsc AC of the right- 
angled triangle ABC on the development of Jdg. I65» >ince it corre- 
sponds to one comppsitc coil-side and its clearance, must evidently 
•bc^qual to the slot -pitch =» w t {* ie lt measure^ at the root of the 
tooth where the coils lie nearest to one another and are most 
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Let a* mm thf length of the straight projection from the slot before 
the slant commences, say, ; thence an easy bend is given at a 
radius of | w t on tip; inside, and similarly at the outer or fai end. 
'Hie axial length of the bend or of the soldered joint by which the 
lower layer pii>»s4*s round intA the upper layer *is approximately 
equal to half the total depjh h, t oi the slot. Thus by Fig. 165 the 
total axial length at either end is # 

} a 0 \ 1 *25 w, 4 /»,/2 • 


yJ (w, I- «'<t) KT d) • 

‘W{U’, t-U'uJ’r (j*k f it) 1 ' 


1-25 kJ2 


(83) 


The length of the CopjH-i pat # h along the entire end-connector is 
rtqtyred in ordei to « ah ulate the electrical resistance of the armature 
wififling? Ji tn t be the distance of the half-pit <h measured on the 


mean < ir< umfeleiu e at the Centre of the slot, 



Iff) uhere 



l • 


1 1.;. ha;. 

u' t is tin' mean width of tooth, the iiitved length of the sloping 
pm t inn of a half loop v ill be the hy|>otemi>e of the right-angled 
triangle having for its two sides the < in umferential distance w, 
and the axial length /. or Vw, a T / 3 . Tlie total length from slot 
to slot, neglecting the slightly shorter pitch at the commutator 
end, is therefore t " 

V -• 2 \ VmS -f / 2 *1 a m i 1-25 ir t f hJ2\ . (84) 

If the ends of the coils pas$ from slot to slot across a chord instead, 
of lying on the circumference, tl|p winding at the ends of the 
armature tajnus inwards towards the shaft, and a form is obtained 
intermediate between the barrel and involute tvj>es (Fi^. 166). 

| 23. Former- wound coils with involute eod-coinectionj, ~ l^ssjng to coil* 
with involute end -connectors, there are again the two methods according to 
*\ which the coil is either fjnd wound aiid then shaped. or is wound directly to 
threequired shape. For the first method the cod m.lv be first wound round 
j*g$ on a flat base (Fig lb7. i). thqpcgs Uung gradually shifted as the turns 
are wound tin succession, or it is wound qn a stepped shaper ; the cod is next 
forcibly opened out approximately into a rectangle of which \he sides arc of 
different width, and the ends are fir*»»y benrby oppress in two halves to the 
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required curvature, so that the rods fit into one another. The shaper* for 
winding such coib immediately to the required shape Jiavc€w*en worked out 
in detail by Eickrmever. * and adapted to a variety of cases , with a number 
of winrs per coil -side, these may be arranged one above the other along the 
straight inducing sides of the cod. and side by su *e at tlu* end* so as to obtain 
enough room towards the shaft, or anvgir -arrangement of the component 
wires may be used giving a cross v*< turn to the ends dilie*rnt from that on 
the surface of the core. The nature of the involute winding is seen in big. ItiS, 
which shows a 4-pole armature with v\Vral <. fills in place, amjwitha number 
having their wider sides hfted up to alluw ol the mirnluction beneath and 
through them o' the narrower sides of the UsUcoib as indicated by* a single 
coil at the top of the diagram 



In;. lb/. -!•* »r me r- winding foi n. volute <<>»K 


* Vtfum finished the involute end connectors he fiat against the insulated 
ends of the core wilhft gap from to | # 1* tw< t n the adjacent sides of tin* 
two whorls at cadi end. The axial projection from the core is now a minimum, 
and is equal at each end to twice the witth of the connector plus the gap 
bctw'cen the whorb and the thickness of the end -plate with its insulating 
check. The problem of the shortest path a< r» >ss the pitch for the two whorl* 
whose planes are at right angles to the shaft is, ntulahs mutandis, very similar 
* to the tame question in the barrel wound armature. If the angle of the 
butterfly be* chosen b-o iHate, the length of the copper is unneccsaarily 
increased, and the depth ipay approach the shaft too closely to allow of room 
for the central jwrtions ; if chosen too obtuse, the connectors cannot lx* 
forced into the room assigned for them. In onier that they may he evenly^ 
upon one another, ai*l also take the shortest path, their curves inu^f'be 

portions of an involute of a oirdc, whof^ radius f? b is ~~~2n w * iCTe ^ ** 


* Brit, l’atent 1S88, 2246. ' 



344 CHAPTER XIII 

I 

the total number of'shJts, and w u tlie insulated thickness of erne composite 
endconnector corresponding to a slot measured normally to its length. 
The dimension w may often 1 >e, identified with the wulth of a slot, but i* not 
necessarily so, if tJu? cross ruction of the cod is altered when it emerge* from 
tjio slot, and in arty ii.se a small margin must l** allowed on the insulated 
to|>j>er for clearance when the thi^k cods .ire not easily » • uuprrS'ubUr. Ihe 



rirj. IdH. Four jx>lr armature with former dia[K*d coils, and involute end wiiulu 


Imsectlile E>h (log I til)), i . that i in le whose i ircumfereiic r is exactly tilled 
by the end nnuin tois (and their < learam e.s) as tliev spring normally outwards 
from its periphery. 'Liking any l*otnt I on t hr- outer < in. l«\ ni* I drawing a 
tangent from it. to the base . m le, as I H, the ounph t* involute is that whnh 
would L- trac’d if we imagine a string of length lit and h\ed at H to lw 



> R> . 



pi 



r ^ 
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Fm. hit). Involute end -winding. 

r « « 

gradually wrapped round the fuse ci|tle wlnl ? continuously stretched taut, 
und of tins curve so nmeli is used as suffices in spin half the winding pitcli. 
e.#. the length AC oiit'ot the total .!('/». the length used diminishing as the 
"nufhber of poles is increased and t lie angular winding pitch is reduced. The 
double embcmmector may therefore lie set out as follows (Fig. 170). l.’pon 
a circle A PQ of radius less th.vn th^ radius to 'the slots by a distance of say 
l|w (in order to allow the connectors to* curve ujpw&rds and* over into the 
slots), mark of! a number of points .f corresponding to the centre hues of the 
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slots ; from each point draw the tangents I, 2, 3, . * to the fuse circle, and 
upon these tangents which cut all the connectors normally lft&rk oft a numfier 
of widths each equal to w. tieginning from the outer circumference as at A 
The same process i* repeated on 1 m > t Ii sides of the Ivasy circle, until by joining 
a succession of |x>iuts . 1 , M, V, etc . in the two dim lions of curvamre. the two 
involute curves join as at To this depth must then U‘ at Med ;ui amount 
( F equal to the width of the tonne* tor jurollcl to the shat [ fi which will 
in many cases lx: equal to h t ‘2) m oitier to allow for the central }>ortton of the 
end 'tonnes lor curving round from out* plain* of whorls to ^he other. 1 he 
radius to this inner edge !• must evidently still fall outside or on the cu- 
i uiuferemc of t^e l»ase circle; <*thei wise mutts bus < > f tilt- given thickness 
and spanning the required winding jot t It cannot fail into the available' fexun 
u point which must l»* caiefully vended I 1 he noovav radial d< pth may also 

• « 



1 jo. 170. ^Setting out of involute < mi winding. 


Ih* calculated mathematically as follows. If «i r the angle subtended by an 
involute curve A< J) t and 0 the angle subtended bv the an HO vvhn li is 
the evolute#d ill* my ohm- (big HiO), N*th Uung expressed < uculat nieanite, 
AH which is e«‘ual*to the an. HO is equal t** R b 0, and 

but (0 a, hb .~ f - H, w lu'iK e ft U t ,.m » 0, 

• * '/* 'b 

and by giving varwms valyes to *1), ^a curve connecting n and 0 tan 
* calm* 


U* plotted appli 

Jnangle AO It, Alt 
universal! v 0 ^ 


to all <as«*s J-urthef, fr«»m the right angled 


% ‘AO* - OH * 


R* 




h\ . ft, so that 


Hi! oufc r radius H to the circle A l \J cd 
Fig 170. and also the r?idnis h\ being known. 0, of the complete involute 




f Zp t *nd the corrrsjmnding^vahi'' of o, follows from thr relation 

given at*ove. The angle ( conespnndiyg to half the winding jwteh Inring also 
known, a new value n. a x t i< found mrresj>o«dmg to the portion Ql) 
of the involute vvhn h * not uvd. and theme 0 t hom the general curve ton - 

% y' g ~t " ff 'i 

netting a and # tf. The value R t i% thenSbtained from 0 t ■< 

and the radial depth of the portion -A- >s the; difference R t R, To thi» 
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must be added the 1 1 w revkoiyd from the bottom of the tkd* 

plus the central 'portion g. 

The length of the involute ACL) is | . 0* ; tienoe the length at the 

copper path in the curved [portion of the eu<l -connector between Jf t and 


1 (V o t *) 


'V - 


, ami taking into account the various 


bends as the connector change;* its plane, if *« the length of projection 
outwards from the slot before it bend* downwards into the inner whorl nearest 
to the core, the total length of path in the end connector from slot to slot is 

- < i + H 

| 24. II. Bur-wound drum arm^turw. — From the former -wound 
barrel armature it is e;wy *o pass to the bar-wound barrel armature, 
the transitional stage being a single complete loop consisting of 

two active conductors and a pair of end- 

fZ connectors, the whole made of copj>er strip 
w of rectangular section. The required length 

— of copper is cut off and bent round at its 

centre, so that it falls into two levels with a 
Fin. 171. httlc space between them (Fig. 171) ; the 

bending tool is shown in Fig. 17*2. with a 
copper sttip in process of being bent found < n itself. Or, if 
the copper strip is thin and deep, it. may be folded over on 
itself so as to fonn the junction of the ujjjht and lower layers 
(Fig, 171). Each end is then bent through the muect pit * h . 





and by means of. a shaper is given the proper curvature so 
* tfo^t it may lie on it cylindrical surface in two levels. Fig. 173 
illustrates a lap-wound loop, ( and Fig., 174 the shaper on which 
it is formed. The loops after being’taped are placec£in succession 
on the armature, the lower half being jaressSed down into the bottom 
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of the slot and insulation being inserted along the sjot between the 
two layers where they are in close contiguity. The sloping gap 
between the two layers beyond the core is advantageous as assisting 



the ventilation. Finally, the upper halve* of the fust-wound 
F*ops are lifted tip to allow *>f the lower sules of the last loops being 
introduced beneath them. Fig. 175 hows a lap-wound armature 
with mils thu< made. Tie- connections bel\u<n tln* # loops are 



I ir, l7r — Shaper f<>r loop of c.opj»er stop. 


# 4 • 

made at theii Junction* in the foil*? of tin* « "mumtatoj connectnis. 
Fig. 176 gives the shaper required for a wavi Asonnd armature in # 
which there are tv#> loops [>er section divided between diffcjjcnt 
slots, the method of connection \*ith every oilier loop reversed 
being indicated in Fig. 177. • 

The last form of the WfM anflaync ;s at once the simplest and 
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commonest fqj all machines having conductors of large cross- 
section ; l>y it each loop is cotnjiosed of two separate bars which are 
first placed in jxrution and subsequently soldered together in* their 



loo. I7tf. Shan't T*r waw wuuiul In; 177 ('onncctio.i of wave- 
loop with two loops prr section. wound loops, two jvr section. 


due sequence when both layers have Iwti arranged in the slots. 
Each end* of the bar is bent through half the pitch; and is then 
curved to suit the armature circumference,; Fig. 178 shows the 
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• • 

shaper used fur this second *p ration, togetlui uitji two bars in 
place for shaping. A group of two, three, or fnuiVtis eonespmdmg 
to one slot and tap'd together aie usually beijt as a whole The 



loo 17H.~ Sh.i|K*r f'*r half loops t »f lap wound bar anuatujr. 


shapd bais of the lown layn an* then laid iti position, one « <i nioir 
at t he hot t nni i if ra< h sl< *t , w it h # t heir ends pit i]e< \ in;' s U as to f < >i n i 
a tomplete < ylm<4ri . l*Ty; . 179 shows the i online? • m.« tit of the 



Fir*. 179, — lj.ip' winding ofcbar armature with half-loop ; lower layer. 


winding of the aimainie of 19g. llil. Aftei the ills# it ion of insula; , 
tion above the lowei foyer the remaining bars rue }>]a<ed at the b^)s 
of the slots, their ends having previously been similar ly bent so as 
to pass through • the remaining *half of the pitch, and forming a 
complete cylindrical envelop on the outside of the armature 
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(Fig. 180). fit the ends the two layers are soldered together, 
small copper dips being passed over the bare ends of a pair of bars, 



l' l<; IH»>^ I ,.ij> winding of l»;u ,unu(mv vTith ti.il f loops ; 'ipj#-r layer 


one in the upper layer and the other in the bottom l.^yer. Or at 
the commutator end the two layers of bars may be united bv 



Fig. T8L- Complete^ lap-wound bar armature. 

' * 

v * 

soldering w ithin the lug which lcad> toihe commutator sec tor. Fig 
181 sluAvs the finished armature 6f Figs. 179 and 180 for an 8-poli 
375-kilowatt machine ; as tltg Aopc di the end-connections at eithe 
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end is in opposite direction* relatively to the* armature core, it is 
lap-wound. The lower layer of end-connectors U frequently 
cranked down so as to allow ot free ciiuilation of air between the 
two layers, as shown in Fig. 2M0. With stout bars there ts at the 
commutator end too neiessity to su|^*>i? them on a special ring, the 
numerous commutator lugs helping to. ret .on them in i ylindrical 
shape unless the speed is very high. 

The simple, bars above described involve a greater number of 
soldered joints than the metho<J of completely formed loops, but in 
either system the difference of potential between ai/y two adjacent 
connectors in the same layer is novel nA>re*than the E.M.F. due to 
two active conductors, so that tlicry is little likelihood of the insula- 
tion breaking down. They are fuithei easily iepal*ed, csjH**i;$y 


* i 


I 


} ilr js_! nIi.ijkt i< * **>il with inv«»lu1*‘ cn>l i < -i n»» ■< <<•» • -it « *n«- « n<l. 


the simply bar wound hum , d a l>ai <>( the l»un lay* t be damaged 
it i> univ mve>*ary to un^lder and t.<kr *»jj a comparatively small 
number of bar*' in order to with* lr.i w it. 1 he sole disadvantage ( d 
t he band wound armature i- f in hut, the avd length taken nj» 
by llie end-conn. M^ion^, moie e*^>e<ially when the number ot poles 
is fesv. This axial lengt h is h*i bai - <. aj< ulatrd on the sunc pi im iples 
•as in § 22 for coils. 

In order to economize r»*mi Ai tli axial h ngth the involute tyjw 
of end-connector is occasionally employed with bar armatures at 
the end farther from Om commutator. The hare copper strip is 
first bent completely ryund on itsdf, leaving only a gap correspond- 
ing to tfic width between the t^o whoiK of the nub onne< tors 
if of massive section, this operation must In; done when it is heajdd. 
It is then forced apart and hammered on a cast-iron shaper [Fig. 
182) into a butterfly shape. Mach < f nd is then bent round through 
a right angle to form tlic straight ijidugng Mde>, and the whole u 
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lapped over with insulating tape (Fig*20I). A final class of drum 
armatures is t fiat in which the axial length is a minimum owing 



to the employment of separate 
involute end-connectors at both 
ends of the armature, but tluN 
method of construction being 
practically confined to smooth* 
surface armatures ^s now seldom 
u.sed. 

, | 21. Commutators. In tlu 

t on*.! ruction of the commutator 
various modifications are possible, 
but, broadly speaking, two tyjs*^ 
may be distinguished. In the first 
(Fig. 183), vvliich is only suitable 
for small mat bines, t lit* wedge- 
shaped strips uf copjH-r and the 
intervening plates of mica are 
li^Id ill place by a sleeve or bush 
with a coiled fnushroom-shaped 
le ad an<l a < oiled ling divided 
into four or more segments and 
s< tewed down to the sk'eve. The 
lattei may be of gun -metal or cast 
iron,, .the ring being of wrought 
iron or gun-metal. The angle 
at which the coned’ surfaces are 
inclined t<* the horizontal axis 
should not exceed 5o°. Complete 
insulation of the sectors from 
the supporting ijtng turr l>e tween 
which may exist *t lie full stress of 
the voltage of the machine is 
obtained by conical rings op the 
*toping % sides ^ these are of mica 
or micanitc moulded exactly to 
the required tajKu. For 100 volt 4 
a fid upw ards it Incomes necessary 
to cover the entire sleeve with a 
moulding of micanite.or paper to 
prevent sparking lrom copper to 
.iron. Care must be exercised that 
the sectors d> not bed down on 


, to tho sleeve before they are 
held thoroughly tight sideways. Tftte sectors are forced inwards 
under the sloping faces at eitliq <?nd, aftd tines bind on one another 
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like the stones of an arch. b*t it is still jx»s>if»U\ if their taper lx? 
hut slight, that they may Ik* driven inwards and ptit out of truth 
b>' ait accidental blow. 

In the second type (Fig. 1H4). which moic usual m huger 





machines, especially with carbon brushes, life <oncd ends of both 
sleeve and loose ring arc let into *ecesses in the set tors, and for 
greater rigidily.the sleeve is u^ially # of cast iron with cottar of cast 
irop or cast steel. The sectors * 114 ! inflating stni* of mica arc 
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built up into a circle and tightly held together by a circular chuck 
or clamp having Numerous radial screws compressing internal 
segmental pieces against the copper. At each end of the commutator 



a K-shaped groove* is turned, int<> which a taper ring of built-up 
* mi<a or micanite is fitted. The whole is passed over the sleeve 
until it engages with the coned fixed ring, the loose coned ring is 
put in plavc, and by hydraulic presstfce the two rings ar« driven home 
and fixed by the screws ,afte{ Much* the external chuck can be 
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removed. For greater strength in the present type the prelim* 
is maintained by several set screws (Fig. 184), or* in still large! 
machines by bolts, as in Fig. 185, and both coned rings may then be 
louse. Fig. 186 shows a component cuM-iion sleeve and >ingle 
loose* cone, with Ane of the taj>ered Imcamu* rings, .while Figs. 187 
and 188 show a Ninall and a large tinisjit-d emmnutatoi, the latter 
corresponding to the armature of figs. 17v> 181, Ihe bolls should 
be arranged aj> close as livable to the pndei side ol the /upper, 
and may for part of then lmgtlj be let into junket^ nM the suitau* 
of the cast-iron body (Fig. dtMli,; tlugr mater r.d slmuid have great 
tensile strength and a iiigh elastic limit (iiu kd st«*el with an elastic 
limit of 65, 000 lb. pci Mjiuie. m< h w J] !><■ r u»|»b *\ » cl m ul < a*es). 
and then length should be gie.it, a> giving m.*i< . L- t u it n t.»Ja!/‘ 
up the etfei t ol heating and ceding, 



1**10 . 18C> <4»mj*onent gait's of < oiMiiiiit.ifor. 


When the dynamo is at wmk the teinju iatme <»f tin- < onunutatoi 
is raised by the passage of the current o\*i the i out act -resistance 
of the bryshe^ (t£spc< iaily if <»f carbon) .md by their friction with 
its surface ;#the difference in the expansion of the copjxi and the 
cast-iron shell or sleeve then sets up very considerable stresses in 
the gtnrcturc. It is consequently dilln ult to devise any mechanical 
construction that^shall qever hn^ to keep the surface perfectly 
cylindrical after repeated heating anc^ cooling, since between metal 
•and metal must intervene the layer of insulation, and vijx»n this 
comparatively * compressible rAcdiam falls all the stiess. Any 
• relative movement of neighbouring sectors by which one is raised 
above or lowered below’ the other tfven to a minute degree suffices 
with carjxm bhishes tv cause them to jump as they pass over the 
displaced sector owing to the cajbon having no elasticity such as 
isfjiven by copper gauze brushes. Spar king Ys thereby set up^aftef 
the surface of the sector wvhich is # at fault is rapidly eaten away 
until finally 4hg commutator i$ rencfeied unworkable. Smoothness 
of surface is in fact more &sent&l a thaxt perfect concentricity with 
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the axis of t he* shaft ; the brushes have time to follow any eccen- 
tricity of the commutator as a whole, but owing to the inertia of 
the brushes and brush-box«*s their tension springs cannot take 
into account with ^uttic u nt rapidity any unevenness in adjacent 
sectoi s ; the- le ush box or bl i/di r^ altei nately jel krd off and drawn 
oil again to the suifaee ijr o^iation accompanied bv a chattering 
noise and ex< essive -pai king. In ore let to prevent any shifting of tlie 
sectors relatively t . » «»n«- . nothn, various const rue tipn> and various 
angles of taper have been tried,. and rxpeiience semis to show 
that a double taper such as i* shorn irr Fig>. 184 ami 185 is better 
than a single tapei .md a Mat band, t he two angles are, however, 
usually uiketpial, a general pryjwution being a total angle of .'kS' 



t ic; 187 Finished t ommut.itor. 


divided into 80° below the hoti/mital and above % By means of 
the double taper the' sectors ate held e ndways anti centred round a 
circle corresponding to the diameter of the apex of the cone, and 
as the' retaining rings expand and contract during heating and 
cooling all the sectors are tnaiijtatned concentrically on this circle. 
Owing, however, to the greater angle below the horizontal, more 
force is exerted inwards than outwards as the metal rones are drived 
home in the initial process of construction, so that the sectors are 
at that time not only pinched together axially but jammed tight 
against each other sideways. The apex of the cones is, rounded off 
so as not to press on the internal angle oi the inshlation. If the 
sectors are supported entirely ,by t he V -rings with an internal 
* alt-space, the commutator is “ arch-bound." <whtle if the sectors 
are also compressed on to ai> insulated cylindrical seating, they 
may be styled " bod-bound/' As* to the relative advantages of 
the two methods of construction, it ts not easy to decide. The 
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lunger seating on the sleeve when the sectors ate t tedded thereon as 
compared with that oil the upjvr cone |»erhaps .Iffords greater 
scanty in the case of sectors having a vny small lajter ; on the 
other hand, there is greater manufactming difficulty in ensuring 
that the sector d# not lose some of t'.ieii picture siijeways in virtue 
of their bedding on the sleeve Indore the .itch is lightly dosed, 
although with caio thi^ objection may to some extent be removed 
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by inclining the sector* very slightly to a radial line by some angle 
aot exceeding 5\ so that when fuither compressed inwards they 
tend to become •more truly radihl. 1 # 

It will be seen that for a given length of blush working surface 
commutators of the first- type are slightly longer than those of the 
second type ; an the ojher hand, the laltcr cannot be worn down 
below the level of the end rings a/ul therefore (or a given diameter 
thoir radial depth yf wear is less than in fhe first type, 
present, however, a greater cooling,, surface, and if of considerable 

• , 

1 See Miles Walker, The* Diagnosing of Tfoullta in lAeclricai Machines , 
pp. 2S6-302. 1 * , 
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diameter air ways 6xn Ijc arranged %> as to allow air to circulate 
through the iilsidc»of the central hub. The usual radial depth for 
turning down rise-* from \* in small to 1' or 1 in large machines. 

No openings to the inner surface of the copper are permissible, 
for fear of dust or moisture fintling an entrance and causing a break- 
down of the insula t iota. In both types of commutator, in order to 
prevent the sleeve twisting round out of its pHgvr jx>sition, it is 
secured eithei by a smalj sunk key under i\s head, as in Fig. 184, 
or by the fastening studs of Fig. 185. The small screw in Fig. 185 
serves as a register wlu*p the/omiyutator is being fitted in place. 

The connections trocn the individual sectors to the sections of 
the armature winding are most commonly made bv thin strips of 
(Ripper. A sacv-cut is made in ea< h sector , as shown at m (Fig. 184), 
and int A tj^iis one end of the strip (from \* to 1 J* wide a< cording to 
the cut rent) is soldered ; the other end is cat tied up to the level of 
the ends of the sections and there embraces and is soldered to the 
armature wiie. The strips must be bent over the tops of the anna- 
tun*, bars, and may ca<Ji be composed of a pair of thinner strips in 
parallel, as in Fig. 185. # Since the current only flows through the 
(omvnutator lugs for vciy short intervals of time, the ninent- 
density within them may be high, Imf should not exceed 5,000 
amperes per square inch of section. When in small machines cast 
sectors of phosphor bronze alloyed with copper or gu^-metal an* 
us<*d, a projecting lug is diicctly cast on each se< tor, as in Fig. 183 ; 
the wires ate then soldered into a gigovc at the top of each lug. 
The same construction may be employed witli haid-drawn copper 
sectors in small machines and in other cases where i*>is advisable, 
the wires being led down to upstanding lugs burned out of the solid 
copper. In such cases the mica is extended up to the full height 
of the lug, and an additional advantage claimed for the construction 
is that copper dust worn off the commutator by the brushes cannot 
be blown tlirough the solid wall formed by the* Qln^p-fitting lugs. 
On the other hand, a considerable amount of ventilating effect is lost, 
which on the first method is secured by the moving blades of copper. 
Drop-forged sectors have also beon employed, ^nd in these tfte lug 
can be forged in the mould in one piece 'with the sector. Nothing, 
however, is so suitable for commutators as bars of hard-drawr 
copper sawn up to the required leKgths ; homogeneity and perfect 
uniformity of the sectors in hardness is essential to good working, 
and in these qualities hard-drawn copper* not ably surpasses either 
drop-forgings or castings. , , * 

When mounted •immediately upon the shaft, if there be any 
'lTfcxure of the shaft between the armature hub«and the commutator 
sleeve, the connecting lugs are alternately extended and compressed 
every revolution. This stresk in tlirnc hardens th<; copper, and 
causes it to break either th^ Junction with the armature bar or 
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at the root where it enters the commutator. This evil may be 
avoided by the employment of flexible stranded ribbon or cable for 
the connections. It is, however, in every way better in large 
machines subjected to heavy strains to fasten the commutator 
directly to the armature cast-iron hin> either on a projecting sleeve 
(Figs. 185 and 199) or by bolting it up to its end, so that it is entirely 
free from the shaft. With this const nut ion e\vn though the shaft 
may bond in a minute degree, no relative displacement of the 
armature and commutator can lake place. 

§ 28. Mechanical design of f-type commutators. With huge 

commutators running at high jvripheiai sjrhnIs, great care must 
be exercised m the design to ensuie amply Millie lent mechanical 
strength in the rings, bolts or screws, and in the copp-i sector*, t t 
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that there may be no fear of the commutator bursting under the 
stress of centrifugal force. If /, and t t - the thickness of a copper 
sector at the top and'bottom respectively, and h -- its depth, its 
mass-centre fall* on the line bisecting its thickness at a distance 


- h (i , 1 *' - r «\ 

from the bottom. The radius to its < eirtte ni gravity is therefore 


r 


9 



u - 


and from the dimensions which the copper bars assume in practice 
♦ his may in all except very small commutators be simply identified 


with the mean radius 


r *±Ji 

~ 2 ' 


If /= the mean thickn;ss, and h be identified with r 0 -r it as has 
been assumed above, tlic weigh* for a length of l inches is 
11-322 l{r 9 -r i )t lb. The centrifugal force per sector of the given 
length, all dimension*; being in inches, at N revs, per min., is therefore 
fu = 91/{r 0 -rJ/ A’* . % X HT 7 

= 45;5/(r < ,* - r, 1 )/ A r * x 10" 7 iV . 
or per cubic inch = 45*5(r f -f r i)N % X 10 7 . 



* - (85) 
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In the first place? taking the bending moment due to this force 
distributed along the length /, between the supports of the com- 
mutator Vs. tlie length l x being treated as a lx»«in supported at 

both ends, the maximum streti on the < opprt i 


I he modulus / of the tapcrin& se« t ion in relation to tension along 
. A *//. 1 f 4 /, . L ■ } / *\ - 

t lit* oufer edge is - 1 - 1 1 ), and the teirdle stress upon 

*- \ 1 ^a, I 


, and the try die stress upon 


the < op|>ei is • f 

, * Vi r , * **/(/| i 2/J 

s. 68 . /.* . .\ 2 / 10 ' lb. t h i s<i in. . . (86) 

‘ 1 y ■ r, /,* | 4#,/, 1 1 ? 11 ' ' 

^I'he s*uy>oit of the i oinnmt.itoi bars i> not su< h that thev can 
be lelied upon to leproduee the f av of a beam built in at both 

ends, in which case the stress would be reduced to 

In* addition to the tensile stress of eq. (86) there is also the stress 
due to the axial pressure from the retaining end-rings. Let /* - the 

total resultant axial load on the bolts from all Causes ; then the 
share taken by each sec tor C PjC. This force ac ting from each end 
of the bar causes an axial compression along l v and a bending 

P ... . * 

moment •; (\ --c) where x is the distance.* of the mass-centre fot 

the cross -section from the* base of the f ojq>er.«and c is the distanc e' 
of the Ijne /, from the base* (Fig. 191). Above* the^ neutral line, 
i.e, above the height v , the' stress c hange's to tension, which reaches 

V (h-x\ 

its maximum value at the outer edge, namely, *t (.v - t*)^-y — 1 
where I c is the # inonient <»f inertia of the tapering Motion, about the 

A*//.* 4/j . / 3 f tJ\ • 

neutral axis, and is - --r ( , , . 1 lie ahove-descrihed 

•db\ Mi / 

stress from the axial pressure I \ is then additional to the tvnsile 
stress .sq from centrifugal force* • * 

The total tensile stress shfmld not exceed 7,000 to 8, IKK) lb. pe{ 
square inch for hard-drawn cc^jvii , 

fn very long commutators the deflection of the bar between the 
end-damps may be appreciate and require calculation. Part of 
this deflection is due to the* centrifugal force, and m?y Ik? calculated 

as in § 9 for a beam of length l { under a distributed load, namely, 

f /a 4 

^ ~ i * is the modulus of elasticity for coppef - 

16,0tX),000 lb. \H»r square inch* But there is also a part due to the 
bending moment from the pjAal component of R opposing P, 


The above-described 



Vt/ivi/ivc/w^-cc//aaiivi akmai ukks 

which lias a uniform value all aktag the line betvveep ttie supports ; 
the additional deflection due thereto is 



Scale of On« Fool 
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• • 

» 

The above lahu^itioiis must bA woikcd out for Hie dimensions 
which the bar will assume •when worn and lumed down to the 
lowest permisMble depth, since it is then that the stiess reaches its 



• J-'k;. 191. • 


maximum value. If the deflection exceeds a # few mils, as may^ 
happen with commutators for large currents at low voltages apd 
high speeds, some central support becpjnes necessary, and tliis may 
be obtained either as in Fig. 190 8r J>y a sleeve having a fix^ed cone 


IS-4U651 
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ncmr the centre anti two loose cones, one at each end, drawn together 
by tension tyolts. * 

In a similar miinner to t lie above may be calculated the bending 
stress upon the overhanging portion of the coppef bar which projects 
beyond the nose of the V, the length /, (Fig. 189) being taken as a 
beam fixed. at one end only. *' If the decrease of the centrifugal force 
due tn the wearing down of the copper be neglected, i.e, assuming 
the centrifugal force per cubir inch of copper remain constant, 
the fallowing approximations are obtained for the i tress and deflec- 
tion of a plain overhanging portion 1 of depth x (Fig. 189), namely, 

10’' lb. jx*r sq. in., 


and 


(x \ l t t 


n ())* 

V 

21'.' J v | /jtauO) 


V 


riies(‘ values, again, aie usually a maximum when the commutator 
is worn down and x has its minimum working value. It is, in fact, 
imjHjrtant, especially with high speeds, that the amount by which 
tin' commutator maV , safely be turned down should be clearly 
marked upon its end fans «> 

• 

In thr process of manufacture, while tkv whole commutator is heated 
un to a lugh temperature. the V rings are squeezed tightly home by means 
of hydraulic power or external screws whi< h enable a much higher pressure 
to tie brought to U\ir than eould 1** safely applied through tjie commutator 
retaining lx>lts only, I.et the total axial pressure which is applied in this 
stage. and which is chiefly due to external means, reinforced it may be by 
some ptesshre. from the retaining bolts, ^e l\ } }\ - 3 P o ; this pressure 

(alls forth a reaction A*„ directed outwards and at fight angles to the inclined 
surface of the copper sectors (Fig. 19!). Taking the axis of the shaft as 
ItorizonVal, then as the end rings are forced up thr inclfhed surfaces the 
horizontal components of A’,, and of the frictir 4 n. 1 l resistance /iA ’ 0 by thr 
principles of the inclined plane together Udamv l\ v 1 r. f\ } --a A* 0 sin <f> 
~t* /<A’ (> cos (f). The vertical component of AL is balam ed by the combined 
effect of the vertical component of /iA’ 0 and tnc vertical pressure (J 0 exerted 
inwards by the end ring, i.e. 1\ 0 cos ™ (J (f -f /ift 0 sin (f>. When expressed 
in terms of *, * 

q p rr>s ” f l sin 4* ^ p 1 - /* tan M> 

® * sin (f) t- p cos <f> 0 f* f- tan <f) 

and h\ ** \ 0 The .value of Q a at this stage represents 

sm <f> j- fi cos <p % , p 1 » * 

the total amount of the inward radial force acting uniformly all sound the 
periphery of the ring of copper at each end. The case is analogous to that 
of § 5 for centrifugal force acting on a ring, but instead of a uniformly dis- 
tributed out ward radial pull wt* haOe a uniform mwaVd radial push, and 
instead of a lux>p tension we have a compressive stress produced on the flat 
sides of the copper and mica strifp I the intensity of this compressive stress s t 
is therefore given by the same expression as A § 5, namely, «as equal to the 
total radial lorce divided by ah where <xb is, the area* on w'hich it acts. 
Assuming the outer*surface of the V' to lx* nearly horizontal, so ’that there is 
httle or no c\pamling 4 action due to* it on the overhanging wedges of copper, 

^ R. Livingstone, The Mechanical Design % and Construction of Commutators, 
p. 8, where much practical and itheoi cheat information on the subject is to 
be found, • 
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the radial force at each end may b% considered as protiuemg a pressure di$~ 
tributed uniformly over the entire area of one half side of asei»pprr Ixur or 
mica strip ; if. the area ab now m question is half the entire surface A of one 
side of assettor or mica strip, live intensity of the jvtioheral stress Utwren 
opposite faces of a longitudinal section thiough the lommutator parallel to 
a mica stnp is therefore, up to the present. ^vhen th<‘ commutator is at rest, 

5 c a ‘ • 1 J ' •* 


During the Mage of con-^tm lion, < f 


must U* 
area of 


tan </>y 
i tan A 
+ tan A) 


and // has 


]*>rtanu 
/' A< 


, , / : I , tail m) I 

its maximum i*>Mtive value, so that s r • { w<,/ • 

tan A i t * • *■* 

U the saiiif initial value is given iif the inte^xif^ of tln^ loinpiessum on 
the mu a of different machines, it results that the axial pressuie l\ y that 
mast \*' applied in building up lieco^tes simph* piujHutional to the 
area t A a bar for a giv» n angle of intimation and \alpe of fi ; j r. 

ft a ! 4 ! ***, ■ The efficient of frn ti <»n u has cit^at i¥i^ 

1 ft tan A * 

]*»rtame and tan reach a high value, sav. 0 4 , whence with A Ik* , 
4v - I 

Identifying J\ t with the pressure i\ protbit rd bv external lm ans < »nl \ , 
since the nuts of the retaining l*‘Us should not m the present stage U* tightly 
screwed up so as to add any gnat amount to tin t<*tfil r a useful pt.u tuul *ule 
gives J* n as 4 , S< M > .f lb , so that .< { . is virluallv l.’JMHh ju r ‘.qu.io- null of tlu* 
mica surface. 1 and tlus should U* maAitaimd until ihe fmimitator is coot 
I he nuts of the r>*taitnng l*»lts # are now lightened up. and the pressure. l' f 
removed, leaving only the pressure 1\ from She U»llv In d< ternpmug tin* 
new state which results from this removal of the external pi< sMire, tie* guiding 
principle must lx* the consideration that should the r « <j q •« - r expand or the 
end-rings contfta t < vru in tlie slightest degree, sliding tain s pbue tietwr'ii the 
mica end rings and the inclined metal surfaces, and tins implies not only that 
the frictional resistance lias changed its direction or sign, but stho that ft 
has again reached its nuttmum \%lue in tin opjn>sib m mgativi dife<tmn 
f he radial pressure on the end rings, therefore, as soon as relative movement 

takes place, is ()* p . * ----- H ^ and the axial prexsuie on the efid rings 

A - f* 

tending to force them apart leomu-s /* A’ sm A l*ft ‘"o/i, or 


,'.Uiv< direition 
line movement 


takes place, is O 


tending to force them apart leomu-s /* A’ sm A /cA'cosr/i, or 

ft ~ , .. I'or the same value of j»r A* a value of P mm.li 

sin A I 1 ( ‘ ‘ s A * • 

smaller than l* 0 evidently suffic es to retain the same total strain on < op|*r and 
end rings. • •• • 

In order, theif, to determine what hapj* ns when the external pressun* 
is removed, the amount by which the- copj*er has been < ojjtiaeb d and the 
endyings expands! under the presMire l' n must in the pla< e |w calc ulaled 
so as tc» judge whether it will alte r, and this can lw done as follows. 

The strain of any component part ot ty<* structure is equal U< itc length 
multiplied by the ratio of its stress jk.t unit «i^ra to its modulus of elasticity. 
Tty* peripheral compression of the copper and mica is of < hu*f importance, 
and the amount of the contraction the circle through the middle of the 

sectors due to the peripheral compressive stress s c is ^ $r ■<* m '\ 

• i- r 

where E c in the modulus of plasticity of tripper **•* 18 /. lb* lb. j**r square 
inch as be fore, ^.nd^/*^ is the modulus of elasticity of the mica. The latter 
for built-up ^tnps is very variable, and iftcreases with increasing pressures ; 
it can hardly, therefore, be regarded as constant, but from actual experiment* 
analogous to tlu* case of a commutator it may be takcai as 0*5 / 10* to 0 7 5 ~ 


1 If it be argued that the intensify of the pressure on the mica should increase 
as the number of sectors is increased, an<# their taper decreased^ such an 
assumption would l^ad to s c lseingjmade fougldy proportional to the diameter 
of the commutator. t * 
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/ 10 # lb. per square inch . 1 lint this peripheral contraction virtually 
amounts to a Shortening of the axial length along the line l lt and it may also 
be expressed in term* of its axial equivalent by the following considerations 
A radial contraction inward* of the inclined surface of the topfXhr by an 
amount x hat exactly the same effect as if the length of the copper was short- 
ened by the amount x/tan tf> The radial contraction of both ends amounts, 
therefore, virtually to a contraction of the length by 2r 'tan 4>. or since 'Ir.x 
vould U* the contraction of * t»«i jxjriphery the virtual axial shortening* from 
, , , ixri plural contraction at cither end 

x>th end* is equal to ’ . 

4 ‘ ^ tan 0 


I 


r: (JL ^ £L) 

nt \ h, 1 /• / 


J> 


(I r /i 
tan (ft 


tan </») 


The iopjjer is also dim tty compressed axially, but for any value of l\ 
the total axial compressive stress r is nut simply equal t*> /' divided bv the 
area of the copjier annulus ; this* hrect stress is augment! d by the fact that 
4 t* does not ai l through the mass centre of the se< tnm, whn h gives the addi- 


tional stit'ss T (t - c) X C ., and further by the f.n.t that tl»e com- 

pressioii is applied only at the supjxirU while the radial trusting forces a re- 
distributed evenly lx -tween the siqqiort*. The average 1 m- tiding moment 

tine to this latter fad is • K t os </>./,, yielding an additional compressive 


stress - /(’(os (/j /, * The total axial < ompresstve stre*>s ii 

therefore . f 

.4 ,v. • 1 ■ { y iV \ '« (i 0 

0 ‘ i area of copper annulus 1 (' < I e d(T / ( .) (tan «/> • /i) i. 


and the compression l x . ■ ?. * 

The two ‘additional terms within the bracket in general far outweigh the 
first, so that the axial compression of tin* cnpjx-i xs much more than might 
at first t*e exported. In order to shorten calculation a-* nun h as possible 
by cxpummg each quantity in the form m winch it is finally retjuired, and in 
terms of the data of construction, let t 

f L « I ; K . n 

H c ' iare\of copier annulus ‘ ( > f c » 


i c 


V v 

» /■ , C c 

i <; 

n tan <f>' ' 7T A 

The total compression of the copper jpid mica, when reduced to the Common 
1ms is of axial length, is thus in the construction stage Vrhen /< has its maximum 
positive value 


irk 


in 


// 


Vco 


r »i 


I* f 


G l 


" (» fW 
•an <f> -}■ ft mat 


tan (b) I 


\ 


Analogously to the case of the direct axial compressive stress on the copper, 
the peripheral or hoop tensile stress on the steel or iron end-ring is not stmplV 
equal to the radial pressure (J divided by 2rc . % ab, where ah ifcthc area of the 
section of the end-ring. This is augmented by Jhe displacement of the line 
of action of Q from |hc neutral axis, by the direct action of the ifxial pressure 

• . - 

v * The latter figure tving that adopted bv Mr Livingstone, The Mechanical 
Design and Construction of Commutators, where the theory of commutator 
construction has been treated a# leng^i. but in the case of the V-ring type 
without allowance for the effect of Jhe friction. * * 

• Livingstone, foe. cit. p. \7 £M , 
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P, and also by the centrifugal force of the end nag itself. Th| last-mentioned 
force may be neglected, and calculation from a specimAi end ring as typical 
of the fclas» tlien shows that in relation to both [} and P the equivalent section 
A t is about one quarter of the total section, so that f6r A 4 should be taken 

^ th of the area shown shaded m Fig. 191 vathout deduction for the bolt holes. 
The tensile stress tending to expand the end-ring peripherally is thus 

A “ K> ' >■) ■ r,-J , 


1 it tan 0 
tan 0 • ,/< 


liatnetcr of t!u%nd ring at tip* assumed line 
ig. the peripheral elongation is rA\ . c f 7',, 


■)*V. 

d contact 
where 


• 's •' • >}„ i 

*"* ;*• * 

,, r • u. tan 0 . • , . , / 1 it tan 0 , \ 1 

Hut (J P . ; thewfote $ 7', ■ — - - - ; 1 ) - *-r* 

v tan 0 • ft * \ tan 0 •./< / 2r A v 

and if />! i> the mean diameter of thc%nd ring at tip* assumed line of contact 
betxvetrn cupper and ring, the peripheral elongation is rd\ . <//•,, where 7 V 
is its modulus of elasticity 1 ‘40 . 10*, if of steel «»r Vrought iron A radial 
expansion outwards of the inclined surf.de of an end ring bv an annuyit » 
has exactly the same effect as if it were slid leuk along tin* twits tkrouflj’/tf 
distance x tan 0. The virtual increase in the axial length due to tkie p-riphe 
, , , , , iH*npheta! expansion of one end 

ral expansion at Iwth ends is therefore equal to . 

‘ 1 rt tan 0 

\j t . ~ 

~ tall 0 2.7,7., # 

Then if 7* is given its value P v , and ft has its n^iximmn jKisitive value, the 
equivalent im least- in the axial lengti^ from the elongation of the end rings is 


ral expansion at Iwth ends is therefore 


1f0 P i /wMbin^ t 

The sum of the contraction of the c.oppT, axially and p-riphe rally, and of 
the jvnpheral exp.uision of the end-rings, all reduced to their axial equivalents, 
is therefwie • 

„ ... ■ ,, .. ; r; ■ « I ('■ • II) 0 -/»»«'»'> <fc{ 

lc " lf ° ° I ■ I> m .r : >■*" <b ' ( 

(liven this preliminary value for the compression of the coppr and expansion 
of the end-rings, the question of what happens when the external Pressure 
is removes! entirely turns upon the minimum axial pressure P r flihi will 
suffice to retain the same* value tj 0 . When the < upper is on the punt of 
expanding and the end ring is on the punt of contra* ting, ft has changed its 
sign and reached its maximum negative value, so that the required condition is 

,, u r . <’ t ( /<: <• H) ( ,# t 7W t:m <fr)l 

l ,J ,;l " <t> - l‘m>l • > 

or the mimmuuwretaming pressure is 

-|- Hi I II) (I - /< (an 4) 

I 1 1- /- t , ... 

. ,, ,, on ± * a 

• ' ' * ‘ . . <; ~ (K T V/) U ” /( tan 7 ) 

mD ■* ’ • tan 4, ,, 


l^ts evident that unless ;i ww is negligibly sfhallp l’ r may be much less than 
P 0 . and if p maf -JD-4, P r usually wifrks ^ut only about - th of P a . or say, 

960 A lb. In the supjxised extreme case of ft maT « tan 0, the commutator 
would be self-holding withou^ any tension,at all on the retaining bolts. 

The effect <ff reraovnng the external pressure can now T Ixj determined. 
If Pu exceeds P r *although*cir 7iv/>of/reJ» # less than P 0 , no alteration of the 
lengto of tfie copjier ensues. There is no further stretching of the bolts, 

9 p *• 

and they remain subjected to a stress «* wlfrrc n is their nunjfx?r 

VT 

and d is their diameter at the botton? ot the thread. 1 he value of ft simply 
adjusts itself to take up the difference between to extent 

of this difference there is alre^ly a margin to meet the effec t of heating or of 
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centrifugal force^ir of both combined before any further stress will fall upon 
the bolt*. If P b shotlld happen to be exactly equal to P„ any further stress 
from heating or centrifugal tore© will allow the copper to expand an^l slide 
on the V~ring«, pushing them apart, and the bolts will lx; farther stretched. 
K Pff were less than B r , the initial com predion of the topper and elongation 
of the erul ringw will not t<* maintained on the removal V>f P e , and a smaller 
contraction of the copped and cxj>ansion of the end rings must be taken with 
a corresjHjndm^ greater extension of the Udta, until t^e two values of P 
so obtained are one and the same, and the farther extension of the bolts is 
e<|ual toi the expansion of the corner and contraction of the end-rings when 
both arc rr furred to the same dividing l»ne. The pressure from the bolts 
has then failed to maintain the full value of the initial squeezing. 

It is obvious that it is useless’ to gi\*! such a high value to P 0 that the 
stress on the l*olts from P Approaches their elastic limit But with gcxxl 
design there is no danger of this, and the stress from l\, although exceeding 
P r , always falls well U tow tie* elastic limit of the material of the bolts. The 
W »t:t’can then At this stage l>e tightened up until the, tensile stress on the 
!>ottS at \hj! Imltom of tin* thread has such a safe value as, sav, 10,000 lb. 
l M ‘f square inch, and from tins may lx; reckoned the initial axial pressure 
H , TZtP 

l\ *** 10,000 x . which tin* finished commutator has when at rest 

4 


If the preliminary l‘ b was less than t\. the only effect of this will have been 
to agjiin raise tt to a lesser uegatuve or a positive value without, unduly stressing 
the lx)lLs. 1 he added rtfeijs of heating and lenhifugal forte may now lx* 
considered. * 

After prolonged running at full load, since the steel knits and the copper 
reach diiferent tenqieratures, and have ditfeieut coefficients of expansion, 
there would arise, it tx>th were free to expand naturally, a certain r/if/rreu.y 
of their lengths due to heating. There is, however, actually no resulting 
difference of length on the Ixuindary surface between the (u|)|x*r and the 
iron, t.e . at the bearing lines along tin* inclined surfaces of the V-nngs. the 
explanation Ixing that the difference that would naiu rails' arise is t u kt*n up 
by ronipression of the copjx*r and mu a aiy3 expansion of the end rings, or 
by elongation of the Ixilts or partly by one and pArtlv by the other. The 
linear c.n efficient of expansion of copper Uung 0 0000173 jvr degree t ent , 
and ofnAm 0-000012, the natural expansion under heat of tne uqq>er with 
jieriphoral expansion reduced to its axial equivalent is 0-0O4XM73 •: J 

( /i .p * . "T ). and of the tx>lt.s and V rings (assumed to have the same 

tc tan <p / / kP \ 

iemjxTature) is 0 000012 t yl t f — tai^0/ w ^ ero ^ * ilu ^ ^ An ’ the respective 

rises of temperature of copper and iron. Although the «1 jolts are of length l b 
greater than / t , yet the end rings of iron expanding axially «in the contrary 
direction counterbalance part of the length <>f the U>lts, so that in each cast* 
the effective axial difference arises on the length /, If a rise of 34 *5 C. is 

assumed for the cop|x*r, and of 14 *5 for the iron ret.uiung structure, the 


increases of length arc res|icctivAy 0*0006 •( I t -f- 


tC 


(i, + nl> 

\ 1 ?r tan 

action of heat lie 


«)■ 


and 0*000175 


- \ t* tan <f> / 

The natufal difference of length would therefore under ttyr 


,*-0-000425 l. + .WWJlSrD. 

'* 1 , tc tan (fa 

The whole of this could be taken up by compressing the coppeaand mica and 
expanding the end rings. The axiaf force P h required to*<Io this when the 
copper is just about to expand, ami /< has its maximum negative v»tlue, would, 
-analogously to the case pf P r , be * 


or 




D + E + 
p x — . • 

r M- 


f* * 

0 (P 4- //)*(! f tan <J) 

4 %tXn 


9 
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lastly, the effect from the centrifugal force of the Various parts when 
the machine is running at its full speed must be taken intc^ account. Iden- 
tifying the total radial centrifugal force of copper and hiicn with that of the 
copper sectors, this force 1 F „ «* C . acting radially against the inclined 
surfaces of the end-rings may be regarded as equally dfvided bet wren the two 
ends, so that at each end there results an outward rad ml pressure q *■-* } F $r 
The additional tensile stress thereby thrown uj*on the end-rings owing to the 
centrifug.'U force of the sectors tends to elongate tfiem, but if they exjxind 
with increasing sjvcd the peripheral coAipression on the copper and mica is 
automatically removed in, a corresponding proportion. The actual propor- 
tions of the two flanges will dejxmd ii|M»n all tli# conditions as to fh# relative 
strengths of the loppT and null tind the other forces present, but it will 
suffice here to observe that the total contraction of <oppr( and elongation 
of rings for a given sj«o«*d may flr may not Ynnain the same as when at rest. 
Tlie hoop ti-iisiiUi due to the centrifugal force front the end rings themselves 
has the same effect, but may by comparison be neglected in the V-ring type 
of commutator. • 

As soon. therefore, as the commutator is rotated, fr<<ifi (K tjir 

picssure of flu* retaining end rings, there must lx* deducted in order 


to find the resultant radial pressure which is really eff»<ttve in compressing 
the copper and mu a peripherally. Hence s c in its complete form is 

J r ( 1 ^ ’ <,4n ^ * V and in the working state of the commutator, 

rr.I \ tan • u 1 • % « 

when it is heated and also rotating at full sped, 'the minimum axial pressure 
V f * that will retain tin* original relative lengths of commutator and end ling* 
will lx* given by theVq nation 

,, + ,»../>/ (i> i i: : 0i * ' *" &)> n( p ’‘" M 

\ <t - l‘ n u ) ' '•>" 1‘max ‘ ■> 


'h t 1h + 11 ■ “ , 

' l, ' y . r '* ! + "> (l *• 'So, “*•< </’) ‘ ' m 

% t:l " <t> - ax 

It is evident that 7’ r ' is greater than J\, not only owing 1o the a< t i«m of heat 
but also owing to the action of centrifugal force which w« akens the pripheral 
compression on the mu a and <opp*r. 

If, then, J\ exceeds V r * , the copjx-r and emUrings toge ther still r* main 
of the same length relatively to the Ixilts, although lxelh have increased by 
t ho amount of expansion of the length of the Ixilts, and no further stress lias 

been thrown uy9>n the bolts. wherein at the threads w'e sfiM have r. • - i 
1 * nd* 

. 

Such *iust be the aim of the designer, and it will U- seen that /i then acts as 
it were automatically take up the addUional stresses that would otherwise 
result to the bolts from heating and centrifugal force The coefficient of 
faction assumes such a value /j J( intermediate between its positive? and negative 
maxima, that . 


. Vo + Vh + ** 2 " 

• D . E , G)- {E + li) {( f fa tan <f>) 1 i 

. r * tan $ ~ fit 

In making the calculations to determine what margin fs actually assured in 
P,, jjt is advisable to err on the safe side by taking /4%t a fairlv low value of,~ 
say, 0-3. 

.... ' 

1 As an approximation, allowing abflut 10 per cent of the mean 
circumference for Che mica Strips, I : H 175 IS* ( r * - r t $ ) / 10 7 lb. 
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Although P/ should not exceed Pj, it is of intercut to determine what 
additional stress. is thrown on the bolts Wnen this occurs. Assuming that 
I\ is at least > P 9 P k , let 




I) + E + 


% + 9* 4 ** M fy 
G ■)» (/;' (- H) (I /i m „.tan <t) 

‘" l <t> - Pmo, 

if. y ** tt fcerlain proportion of the centrifugal force, or the* centrifugal 

force for*aome speed lower tht.n the full speed, for which wi^h the heat effect 
the minimum retaining pressure is exactly P t . As soon as the speed is increased 
above this value /he l*>lts are more stressed, .^nd the end rings are expanded ; 
the topper is more compressAd £.xially, f>if 1 on the other hand is less compressed 

peripherally. If ft *» . where E ^ is the modulus of elasticity 

. . n 1 K< a - • /J k 

of the Htrtel Uilts +* 30 x 10* lb. per square inch, the additional elongation 
of the l jolt* is (/’ ~ l\)H, and this together with the increased elongation 
of the end rings and increased contraction of the copper endwise must tie 
equal to the amount by wliii h the peripheral compression of the copper has 
liren decreased. The latter at the commencement of the proofs was 


« j* 


(> i /<„ 

tan d) 


■ t:i " <f>) . '■'*> 


l‘n 


y^, and ends at the value 


' I I- l‘ mar tan <£) 
>•"' I -fr l‘m <u * 


l V\ - 


Therefore 


(/■ - /-,) \n \ i> \ n i ( ' '* , ' 1 h ,,maz Un 

) >•«' 't> - /<„« 1 

- (/; /■) . u (l t '‘ w » ,iU1 /f (i - ,) 

t«ui <p Etnax - 

and finally, # 

« r .;° (I - y> 

' “ r ‘ 1 li /> w /• •. '• [E '• " ) (' 'W u “ ^ ' (87j) 

'■'» <*> - /W 


where P is the final axial load resulting from all causes.*, • 

In order to calculate the tensile stress across the base of •the copper V, 
if the total reaction ft tx? considered which acts normally to the inclined 
surface, the section aerdhs which the stress reaches its maximum value may 
approximately be taken as coinciding with the line .4 ft drawn at right angles 
to the inclined surface (Fig. 191). # The bending moment on each sector 

is then ?Y y d- — tiUl ft ** , 1 , . When the 

O V l ./ sin <p - ft cos 0 m 

appropriate values are given to f, and in the modulus Z of the tapering 
section, the quotient of the bendiiffc moment divided by \he modulus gives 
the stress across A ft. Although comparative values for different commutators 
may tlius be oMained, the question is in reality complicated by the degree to * 
which the peripheral compressive stress upon the copper lends Support by its 
sideways pressure to the nose of thc*V. • * 

•- | £7. Mechanical .design o! dbmmutaion with shrink-rings.— 

In the case of high-speed dynamos driven* by steam-turbines, 
where th$ peripheral velocity « ft th<^ commutator may be as high as 
7,000 to 8,000 feet per minute# it becomes necessary to employ 
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nickel-steel rings shrunk on to the commutator at both ends or at 
intervals along its length, a tlun insulating band of mfck intervening 
between the steel and the copper (Fig. 192) *. Three per cent, 
nickel steel has a breaking strength of 40 to 45 tons per square inch; 
and an elastic limit of about 25 tons jfcr square inch, with an elonga- 
tion of 20 25 per cent. in a length f of 2.nnhl*s. The rings have a 
section of about 3 ins. x 2 ins., and the mica, built up in layers of 
segmental stripy 20 or ik) mils thick, is held m place during tluaprocess 
of passing the rings over it by* fine string which the ring heated to 



Fig. 192. ---Commutator um.stru< lion with shrink rings 
for high speeds. • 


a cherry-red fan burn off. or prefetablv by a band of fine ^fi^l win 
upon which the ring bids when it cools. 2 To innease the leakage 
surface an<l still keep a firm face of mica which shall not spring away 
from the copper beyond the rings, it n best to make the sin ink 
rings wider tlun/^ill finally be required and to tmn.off some metal 
on their outef edges. No sticking varnish should be employed under 
the rings. Longitudinal grooves are sometiyics scored along the • 
cdrmjiutator sectors to indicate the safe depth to which they may 
be worn down. Ttoe innes cone, *sln>wn separate; in Fig. 192, may 
also be formed directly on the shall. With high speeds above. 
3,000 feet per minute a perfect balance is essential, and the com- 
mutator is in sofiie cases “ seasoned ** by running it at a temj)erature 
of 100° C. and at 20 per cent, excess speed to give it a ixrmancnt 
set. • 

• , • 

1 Go. A. G. Ellis, " Steam Turbine Dynamos/* Jqurn . Vol. 37, 

pp. 322-24, where other construction arc also illustrated, and for radial* 
coiflmutators sec Miles Walker, Specification and fir sign of Dynamo-electric 
Machinery, Chap. XVIII, pp. 516, 535-6 % 

* Cp. R. J. Roberts, " The Mecfcanick Design of Direct-current Turbo- 
generators," foutn. I.F. Ef, Vqj. 48,#p, 138, and " Turbo-commutators," 
Electr ., Vol 63, p. 121. c I 
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Th# theory of the Shrink-ring commutator is simpler than that of the 
V-ring type, ritye the peripheral stresses and strains which alone come into 
question do not rcqdire to be brought to a common footing with any axial 
stresses and strains, and friction does not enter into the problem. Under the 
initial tension with Much the rings are shrunk on, when the rings are cold 
and the commutator is at rest, since the respective circumferential lengths 
must be equal on any jpvcu boundary surface 

(Natural length f 'forcible elongation) of the steel 

(natural length - compression) of the copper and mica. 

Or if A* awl Y are the nattyal lengths of the topper and pngs res actively, 
the sum of elongation of rings f comprtNsiori of copper and nuca «* A' - Y 
- Vi- 

Since for the present purpose 1 it in *nly the di tie re no; which is required, 
it is immaterial that X ‘and 4 Y should really l>e corrected to some actual 
dividing surface so long .as the same respective diameters are retained for the 
copper and the steel throughout thesfollowing calculations. 1 he consideration 
<n^tnc stresses ift shrink ring commutators must Ur bast'd on the two laws which 
holft for\ly < ase of a thick cylinder subjisrted to a uniform external or internal 
pressure. If /*, and />, are the intensities of the radial po-soio- per unit area 
on the inside and outside reflectively of a thick cylinder of inner radius r, 
and outer radius r t , then the intensity of the radial pressure p r at any radius r 
within those limits i.s 

.. f, „ (ft N r ' . fi >' P, 

1 ’ r*- (,,• r,») r,» • r,» 

At the same time the circumferential or iioop stress s r called out at the same 
radius r is f , 

• . ... (ft Pi) s’ *V , Pi P, 


and is a tensile stress if it is negative. * 

If /i’ y and h\ are the outer and inner radii of the steel rings, r 0 and those 
of the commutator, let /’, and /> p lv the intensities of the radial force per square 
inch of surface, producing tension on the fliside <»f*the steel ring and com- 
pression on the out suit; of the commutator, in U»th cases as due to the initial 
condityiKs after slirmkiug on The external radial pressur* on the shrmk- 
nng being Zero, the jH'npheral tensile stress on the inside of the nng is 

It * \ /,’ ■ * 

**i ' • i, 0 . ,/* and if 1 [a 1’oisson‘s ratio «» 0 25, the elongation of the 

' 0 ^ ^ 4 

. /* 1 \ 2r.l}, / , I «,» - li? \ 

ln S ,de of tho ring » /;< < (*„ + „ • l 'i) » £# • *H ^ + „ • u \ + R \} 

The internal radial pressure on the commutator being assumed to be iu*ro, 
the peripheral compressive stress on the outside of the commutator in tlus 

• f I f i 

inilirtl 14 t . ^ l nml rnninri.^inn nf i-fimvr 1 rwl 


initial stage is s {i ■ 


• # , and the compression of the copjjcr Mid 


OP©Ma)-0P©*CpS-S) . 

If the insulating mica of thickness m' under the rings be assumed to be incom- 
pressible, p a *■ /*, . -- *» s fi x f The sum of the elongation of 

r 0 n w -p “j *0 * 

the rings and compression of the cowimutator expressed irfterrns of is then 

, .[**.(< + i .«*-«•) • 

" l V <' «/+ «|V 


v*" - r » '*.■ + *i v v- x " 5/J 

, - t v - r -f y) ( 


- r. 
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The elongation and compression,* although reckoned on different diameter*, 
suffice to give the difference wrWch we at present r#«jiffre. An estimate of 
the amount by which the ring when cold before shrinking on must be smaller 
than the mica backing upon which it is shrunk when the commutator is not 
truly «eom pressed can. however, be obtained from the relation 


t t C T mC 


f ~>n' - 1) 




or the difference of the two diameters Tip? calculated amount, although 
useful as a guule, must however be c*liecked by the result* of experience! 
in view of the want of um/ormity in the thickness of the mica, ami oilier prac- 
tical irregularities, IVrferably, in order to pass the rings easily ote*r it, tho 
commutator is compressed to the AilJ extent required bv a « lamp in the centre 
with 2 or rings, and temporary steel wire lands over which the rings will 
pass. The difference of the diameters imfst them U* reduced to the amount 
corresponding to the elongation of the steel^m^ only, and Indore the ring 
is cold the commutator should l»e released from therxtenial pressure in order 
not to throw an undue stress upon t hearings and cause an initial elongation 
above that which calculation shows to be safe. To avoid oVerheapng qfyhe 
rings they should not U* raised alx>ve, say, ('. 

Uy giving any required value to s f{ . say, 12.000 lb. j>er square inch, tj 4 is 
found, and assuming the same rises of t< mjKTature in the copper and steel 
as before. 


whence 


>;* *-• 0 0006//; 
*n '** *,h *,i 


0 U0017vSrr/> # 

* # 

Vi Vh 

Vi i 


If i tr tin* total radial f-cco from fh .*|K>in mutator sectors, the intensity 
of the pressure due thereto against the inner diameter of the#nngs is /» 

w ^re / is the joint axial length of the lings, and the tensile stress 
on the inner layer is 


J> '<7 '7 

h' 0 l H* 


The stress on the inner layer due to the centrifugal force of the rings them- 

**'"■* ,s 11S in 51 s - S,- “> • ~ |(a (l ‘ a ) 


Tho 


total tensile stress due to centrifugal forte regarded as a< ting imhjMndently 
w'onld therefore Ik 4 • 



K* f J '\* . 

’ s » 


Hut this cannot Vk 4 combined with the stresses from initial tension and heating * 
simple addition ; the tension and heating stresses are themselvt s affected 
by and the latter can only l*e added to the former so far as they are 
simultaneously preset. Ix 4 ^ the jqVej} be supposed to lie raised until the 
addition^ elongation of the rings from centrifugal force is equal not only to 
# the initial compressions of the ropjier aftd mica, but also to the amount 
by which they were compressed bv the heating; the topper and mica can 
then, in the hrsf place, resume th<*ir narinal dimensions, and in the second 
place the copper Incomes free to expand bv the natural amount corresponding 
to its temperature. The compression of jthc cop|>e.r and inica has thus at this 
[articular speed entirely \\nished. At the commencement of the sup]>osed 
process of gradually me Rasing the speed when the commutator was at its 
full -load temperature. the rings were already elongated to the extent called 
for by the initial tension and heating • to this has now l>een added an amount 
edual to the compressions of the copper and mica, so that original cloryjation 
of nngs from initial tension a$d heating + added elongation from centrifugal 
force « original elongation of rings original compressions of copper and mica, 
or the final el&ngation of the riijgs is % r *=; t] ( + Vk 35 above calculated. 'Hie 
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elongation of the ring* trim centrifugal fori alone i» 2nR i (s + L p 

« \ " a ' m J '«• 

lienee. a* r/ w ri*e« from zero to 17,, with increasing speed, it is evident 
that V > is progressively decreed by the fraction r/ 'ry, r . or the actual 
proportion of the initial s et s th wliich is simultaneously' present wfth t ee 

"* "> ual (‘ ,, u V ‘°, llj ) Whp » tl,c commutator is wit rest, s is 

pr.^nt to its full extent. anil when the speed is so high that r, „ ... 

it has vanish.-* ami only s remains. 1 iu- roultant stress at anvsper.i 
is therefore? , - 1 


■ **»> ( 1 . ) 

V • -r Vh ' 


f- 


written tuMhu fifrnt 

• 4 


'Hus may also 

t • \* I A -f S S *? ^ ri ^ 

« Pi ■ rA r Vtf * 

* 

awif^tfiix must Mil Mow tin- .-lasti.: hunt of tlu- material. with allowance 
fora wo, khutor of safety, or nay below 18.000 II,. ,»r vmare inch for 
nu kel Med. Or inversely, from the almve equation if IS(M>0 l** inserted 
for i,. the initial tension which the ring should have when it is shrunk 
on and is cold can !*■ determined. 

In order to give an equal stress in each of the rings and as far as jntssiMr 
to keen the fa. e of tho lommuWitnr parallel to the axis of the shaft under 
every Condition, the rings muM U, given different set turns .according to their 
numlxT and sit nation. Iduformly distributed forc es fr»>ni the o.pprr have 
oUi balanced bv tones concentrated at certain points, ^nd in order to do 
tlusi, if them are three rings, one at Jhe centre and one at either end, the former 

mu«t have assigned toit^ths of the total area, and each of the latter '[ths 

of the total area. If there arc- four rings, one at either end and t*vo at equal 

di»t.UK,- S apart, I h,- I, m, r must each Ii.lv, • ~ths. and tin- end rings rad, 

;^ths of the total area. 1 * * 

Tho sarrrte value for the- resultant tensile stress oa the inner diameter 
of the ring can also bo immediately re.u- hed by umsuUnng the actual resultant 
intensities of radial pressure. /', and /» # . on the inside of the sted rings 
and outside of the commutator respectively. The resultant stress is 
n /*V f /t 1 ,* * 

s * ** 1 1 • i . i _ i. a 1 V and the resultant elongation of the steel is 

• # # • 

2 * W ‘(\ -I- - . I') 2 *.V, f- i . s V ~ 'V . I . V - lf,»x 

l ~‘ ' ° / . /■. \ * <r '/f a * h\' a ' it * i px) 

The resultant compression of tin- a-pix-r is ( ~~ i. l‘£\ t, /'»’ + r ,' • I \ 

. U ‘ £ -' ‘W 

and p, - (P, - tt. [>,. to which corresponds the resultant* 

10 , 

compressive stress uni the copper,* is c.p.al to V, less the outward radid 
pressure from the centnfugal force of the sectors, both increased in the rat o 
of K t to r„, since p , an, I />,. act at different dianu*ers. Hence the resultant 
compression on tlu- copper am! mica by sulwtitution becoi V s * ’ 

(!£ . rCVRj 7f,« - AV /r/ + r/ IV 

• Uc F- m ) ' «„• + R^W-Vi - a) > s * - 

‘ R. Livingstone, 7Ar Mcck^u^tsitn a J Oms/mcAm. <,/ Commutes 
P- JO- A . . 
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In terms ol the original data, calculation is economist! by writing 

_ c V - *.* m , A£ , *£\ G />.’ + \* I \ .. 

£, £„• + V 7 u c ' »; \r # **- " n) * H 

Iho suril of the above resultant elongation ami cotnprgssum must lie ciiu.il 
t o rj, f 

Therefore * r ( G 
'■ (« 


<'./ 


. - i jh 


» °7 a V 5 * J u ; ^ ./ w '/» i »f* 

) " *J. f ^ 1 ? ,r -JH \ **' Cf J - a 


JH 


S <'7 


G : (r J JH 


1\ 


Vh 


« tt 

G ■; 

Tin* analogy t«» ft l (S7<1> In t valent 


G •> „ I J " 




§ 28. Example of ihrink-ring commutator calculation. As an example 
nf the tabulation of* f , take the case of a < cinniut.itur IK m. diameter by 
22 in long. nimiing *it 1.500 refs, jkt nun. *ith 150 sect irs 3 in deep, and 
mu a strips O nto m tlmk. Three nu ke 1 steel rings, rat h 2J in Alrcp. the 
total width "f the three living 0 in , are shiunk <.n wiie and mu a bands 1 in 
thick with an yntial tensile stress on their inner t ircumfeieme .v «. , • 10.000 
lb. j»er s<( im h. The moduli of eUstnity of nu kel steel, copper and mica, 
will l»o taken as 29 7 • 10*. 10 10*, ami 0-75 / 10* respectively. 

Assuming the cupper to rise during working 3-1 5°t' and the steel rings to 
rise 14-5' (. , 


rj H 0-0006* 0-337 - 150 0 000175 > 2rr : »| 

0 02 in 

The total radial centrifugal forte from the tommutator v-< tors jxu nu h length 
is when the commutator is new. 


1.290 lb. j»er sq im h. 


!\ c • 175 : : 1500* (9 3 - 3») 22 lo 7 lb. 

-- 445.0< Kl y». 
and t * 

F tri 445.000 

2rr/.v/ ‘Jz 9| x 0 
The stress on the inner layer of the sterling due to its * vn centrifugal fur« e is 
.< ¥ 0 00029.Y* (3 25* t 0 7* x 0-76*) < v* 2,400 lb jkt sq, inch 

' !! 33 Zjl , S0 _ J ,S0 \ 9 l ( 9% ** *>l 1 1 

V“i« >; 10* '** 0-75 xTo * ) 9 \> -~6» " ~ 

12* 

12* v OH)* 


m 

, J 
o 

JH+GJ 


0-75 X 10V 9 V 9* 

• . 

0-2685 JH 


i) 


26 6 x 10 • 


2^ <kl25 

297 "x " 10* 

1 

a 


I 93 > to • 
, 7-28 x 10 • 


<’J 


•a 


7 15 , 10 « 
013 x 10 • 


^ 4*(\29Q x 26-6 4- 2400 y 7-28) y U» * 

10.000 f (l f»3 +,7 28f,v 10 • 

17,800 115. per sq. in<Ji. * f 
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f 29. Comfrarion os miet (trip* fa M(1i-ppm4 sonnatatan.— It i* j 

matter of importance to retain sufficient circumferential compress ve stress 
cm the nuca- strip* .between the sectors to prevent any likelihood of flakes 
flying out when the machine is running at full speed, and this must be tht 
case when the corwputator is worn down to its lowest permissible radius 
A method try which the calculation of the circumferential compressive stress 
could Ire approached was suggested by Mr. K. J. Roberts in his paper 1 on 
“The Me* hand al f>«si^n of i>irect current farierators,” and following o« 
his suggestion the writer has. put fyrward* an approximate practical formula 
which, if not a <ompl»:tHy accurate vrlution of a very complex problem, 
enables comparative figures to lx- obtained for file purj>osr of checking new 
designV * * * 

lu the following let r lx: give n the t 'aloe of the railin', of the commutator 
when worn do*-vn as low as is syife. Then, by the laws governing stress and 
pressure m thick ryhiulvri. given ft § 27, if p 4 • the resultant intensity 
4 »f the radial picture on the outside of the: commutator underneath a steel 



1 * 10 . 19d Portion of tnmmutator lx* tween two shrink rings. 

• • 


shrink ring i.r .it radius r 0 , after all initial heating ami centrifugal stresses 
have Jt*en taken into an mint., the intensity of tht- radial ^iressure under a 
shrink-ring and within the sectors at the radius r t if. level with the smallest 
working radius of the commutator is 


*/V P* 


* V %V 

'V 0 a u') 


m 


and tins calls <nit at the same 


depth a circumferenti.d *:o 1 m>re>sive stress 


Pr 


r* Cfl 
r* 


Now, between a pair of shrink rpigs, although the outward pifll from 
centrifugal force |>er unit length n#ong the s^tors isftlways uniformly distri- 
buted throughout the span ye# so loug as there is any circumferential com* 
pressivo stress s r under trn? rings, this stress and the radial pressure coifc- 
spondittg thereto must gradually decrease as the centre of the span is 
approached. For, the sectors being bowed outwards between the rings, the 
circumferential compressive stress becomes relieved to a greater or less degree 
depending on the span / t< and eoirespondingly # the portion of the radial force 
on each sector which is due to the compressive stress becomes reduced per 
unit length of the span as we approach the esntre. Each seotor between 
the two shrink -ring#, therefore, rcsejnbles a beam subjected to a load which 
has its minimum value jxt unit of length at the centre where the deflection 


1 Jour*. FEE., Vol. 48, p. 140* 

1 “ Note on High-speed Commutator Construction." by, C. C. Hawkins, 
EliCtr., 28 March, 1915, from which^the following is quot'ed, 

9 . 
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greatest, and its maximum value. per umt of length af the ends, the decrease 
of load being proportional to the deflection. # # 

If the load i**r unit length of the beam was reduced to zero at the centre, 
the 1m# of deflection would be a parabolic curve. But when the machine 
w at work, although the circumferential compressive stress at the centre* 
of the span may became zero, the outward radial force can never become; 
zero, since there always remains the radial pull from repinlug.d iorcc jxr umt 
length of a sector It may, however, as an aypjoxhnation lx? assumed that 
the same paratxdic law holds even when Via; radial lone at th«\antro retains 
*>rae value ; the loael per i mt length is then given b\ tlie law, 

w «■-- t A * 1 * 


where w 


mtn 


the centre o: 
at the ends wh 


is the minimum lead jh*x unit length. \ is distancp tvekoned from 
f the beam, and A*is Ufcoust.lnt. Thus reaches its maximum 


A/,* 

4 


/, being throughout reckoned as tin* span lx* tween ihe <dg< s o! a pan of 
adjoining rings. 

The maximum eiedice turn 1 of the beam is then 


s ® A7, s \ ( t 

' ’ jTi V’hS4 :v ' ntn ' 2A f oAi *\ ) >l ' 


On unit length under a shrink ring t.ho total radial pirvmiv at the radius r 
is 2ry times the intensity at that radius, and the jio-poitmn of this falling 
on a single sector is t;‘2rj, whnt / i*. the tlu< fcm-s* of tin s ■< 1 i at tin* radius r. 

1 lie maximum load jx*r umt length at the ends of t ? s* 1 1<« regarded 
as a l>eam is, therefore, 

• «,nax f *f'r 

Similarly, if f e is the intensity jn r square nn.h of tin imul mdi.d force .tt the 
centre of the span # 

• * f Wn ‘Pc 

Thouce. . S- - «•„„ "'mm HP, /','!■ 

and the maximum deflection* is 

t t IS ><> I 

A “ 1 

up, + A-**') 

. e ]/■:,/, ’ 1 

The moment of inertia of the tajxTing section of a commutator bar is 

. . (r - r,)» I > 4 4 II, ! 

“ 36 X . I | (, 

/, being tile minimum thickness on the insub*. This nu*nn-nt decreases so 
jppidly with a reduction of radial depth that fc is esvntial to consider the; 
condition when the wear is greatest. Ihe deflection is, therefore 

*.W lp r +4-Mp c ) * I \ I, 

•»lie.(r - ►,)• ,« ■( 4 :i, | /,> 1 

' • ••'*••• 

1 The solutionis given bv Mr. K. J. Kpberts, loc lit. p. 153 (wln re, however, 
a bracketflias Income misfdaced in the final result), apd it need not here; lx- 
repeated. • 

* By giving different values to pJp r ^ rom 0 to 1. the factor 41 1 /{I *k 4*36 
p c ip r ) assumes valuers from 4M to 76*8, given in curve I of Mr. Roberts’ 
paper. The hitter value is that wkich vd>uld hold in the imaginary case of 
the bars remaining perfectly straight brtwrcu the rings ami suffering no 
deformation whatever. • 
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A# already indicated, part of the outwatd radial force p e when the machine 
in at work b dm to.thc uniformly distributed centrifugal force ; this portion 
of p c b 

f, l- 45 5 (r« - r t ‘) ,V» X X 10 < lb. 

where N revs. per gun. 'Hie i^rinai rider is the outward push of the sectors 
due to the circumferential cyinprcssive stress s c at the centre of the spue, 
and is , * 

r * r* # 

* • ' (* j r t * « 

In inch and lt>. units, therefore, * 


Pc Pj » A 


•45 5 V*(r* - t *) 


t * /, 


•"X.Jv) lopg as there is any compressive 
have ther# contracted !>y the amount 


?t 

Stress 


■ Id' 7 } P x 

at the i entre, the < ii« le must 


/ tC m(’\ / 1 \ 


where E ti and are the moduli of olasticitv of tin* copper and mita r« - 
sj>ei/ively, and l/o is Tcis-orfs ratio. The ma< curat y m the assumption 
that the latter ratio :s the same for mica as for a metal may In* here ignored, 
The contraction of the circumference implies a reduction m the radius to the 
amount I /lire of the contraction, and this is equivalent*'* a deflection of the 
sector d, ax u>m pared with its straight and distressed <oudition when lopjx-r 
and mica are in dose <onta« t, but without any compression. 

Now, the basis of the previous argument is that still retains some value, 


and the reduction in the radius of the lommutator at the 
is thus 

£(«♦£) (•■ 1 


*1 


1 


l \ 

Wit') 


/lC tnC \ / r 3 | r, 5 1 \ 

V^*- /> a) 


rim e of the span 
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If the commutator sectors were Ixiwed outwards by this amount, at the centre 
they would reach the original state of close contact without compression. 
The sum <1 } d, must therefore be equal to the reduction in radius Ixmeath 
the shrink rings as elfecteil by the actual conditions of stress under all the 
forces at that sj>M as compared with the uuti.il unstressed condition. That is 

d d, d,. 

Or * d ■■■■ dj ~ d,. 

The reduction in radius under the shrink-rings is % 


V 

Hence, finally, 

3 6 t(p r -h 4 - 3 ep f ) 
411 EJr -- r,)» 
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• * 

By inserting the values of p* n p f and of the known dimensions of the 

• * r i 4. r .i 

commutator, the value of p _ is found, and thence the value of s m /> ■ - ? . 

• # " C < « ^ y 1 

Or, by assuming j — say, 1,000 lb. jx'r square Inctf, the permissible length 
of span /, can lx* found, and the number of rings can lie dotmmned for the 
given total length of commutator and joint width pf the rings. The radial 
depth of the commutatoi mu* t be known or assumed in either uv, since ujxm 
this will also de|K-nd the value of the Centrifugal force j*or ignt length of the 
sector. 


It will be mxji that when the machine is at «est the ladial force jN*r square 
melt of surface at the centre can mfv^r with a finite length of span use to equal- 
it y with />, ami that the sectors must lx bowed outwagdv If the sjxvd 
rises to such an amount that the sectors al the centre of the span reach their 
initial radius when unstressed— i e. if d there is no lompiessivc st less 

kft at the centre, and d, is zero. An men ax* of sjeed aU>ve tins would lt*ad 
to the sectors ojk-nmg out side ways, ln<l the compressive stioss under the 
shrink rings would rapidly di.vipjiear towards the ci iifii ; tin- m Mor'wxcld 
then have a uniformly distributed load on it ov*-r a certain porium cu its 
length at the centre ol the span, and to this condition tin* paiaU*hc equation 
no longer applies. 

The landing moment on the sector as a beam of span ! { U tween tin* rings is 


.7 * A 


/ * 


12 




V 

192 


This is a maximum at the centre, where x and is them 

• 2. 


B M 


'V</> r* i *Vr) 

4 8 


Taking the modulus Z as [r - the Ix’iiding stress on the outer edge 

of the coj»j#r is 

Wr + VV> 

8(r-r.,*- 

When tlie commutator of $ 28 lias U*en worn down 1 in in depth over 
a length of the total centrifugal force is 

I\ ( •-« 175 ,< 1500* [G x (9* - «?>) -f- Hi x fS» 8*)] x l<V ? 

307, 700 fb., 

and 

b\ e 307.700 ,• 

- - * f ~ - ■ 890 lf», iK-r sq in. 

2xK t t 2rt x 9| x « 1 1 

In these circifimftmces * 

, . * 0 02 -f (890 >: 20 8 -4 2,4*8) / 7 2 H) v lo « 

5 ' T (MM>) ' r (T93 -i- 7-2MJ 10 « 

• 10,570 lb. per sq. inch. 

Thence * • • 

. 1‘ 4 - K - *„) '!/, 1 '!/, - (16.570 - ■Wk .< o-aws 


and 


v V T V 
3,800 lb* per sq. in., 


P. - (p # - ~* } ) ~ 4 V (3800 - 890) *0- ~ 2,950 II,. |-r tq 
At the t radius*of 8 in , by equation fB8) 

* ~ * 9S J * ^ ” 2 ' 925 * ! - r **• 

P, - «-5 X 1 . 500 , {8* - 6’)’x y ,rt ‘’ 

■«’ + * V , « 7.5 

. < +"*t 


2 <8 It). jK*r sq. in. 
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By equation (91) 

2,325 + i-Mf,,-* I , O'? 2 l 

(8 - «)• , 0-75 x 




whence 

Finally, therefore, 


• p x 908 


Px • r% [ r \ "* ^ >• ‘<.-*0 lb jM» r sq in. 

which h on the safe aide. • * t • 

It is of interest to see whift art then the actual deflections. Hy equation (90) 

A x « 0 01311 in. 

ayd l*y equation, (89) * 

♦ j f OOH 

• <V <\ x y * 0-0133 :< 0 0052 in. 


so that A ■■ d, tV, 0 0081 in. If the span is increased to 11 in. there is 
no compressive stress left at the centre, so that two steel rings of the same 
total width would Ik* entirely impracticable. 

• • * 

$ 30. Insulation of commutator sectors, etc. For tin* insulation 
between tlie separate sectors of the commutator uj> to 8 indies 
long miai % is now almost universally us<M in plates about. J M th to 
o 1 * tli of an inch thick ((F025* to 0-040* ; 1 cubic inch weighs t t h 
of a pound), and these plates should project through aj the inner 
end and between the lugs by some <,V. The difference of potential 
between neighbouring sectors may be jmall, inasmuch as it is only 
the potential generated within the limits of one section of the winding. 
When.Jwwever, the sectors pass under the brushes, sparking is liable 
to occur, and a small arc is formed which Fridges the insulation. 
Under this action almost every insulating substance, except mica, 
is apt to char and become conductive, and even with mica, if the 
thickness be less than /„th of an inch, small particles of copper 
may occasionally bridge across adjoining sectoih.* .In machines 
giving over 1,(XX) volts the thickness may be increased to 9 V,th of 
an inch (0-050*). Mica can be easily split into ll.it plates of very 
uniform thickness, and in commutators greep or black-spotted 
mica is largely employed. Jit is extremely important, especially 
with carbon brushes, that'thc rate of wear of the mica should be th* 
same as that of the copper sectors • it should therefore be specially 
soft, as in the amber and soft green kinds, even Indian mica being t 
almost too hard. To avoid “high micas#* due to greater wear of 
the copper and consequent spanking, the nyca is ofcen gouged out 
or milled down 3 ‘ 3 * or ,V, * below th£ level of the sectors— an operation 
that # requires to be repeated at intervals. 1 P^ites more than 8 to 
10 inches long occur in natun* with such comparative rarity that 
• • • 

1 For hints on recessing commutators, |ec K. Murgatro^d, " Mica and 
Commutation Troubles/* ICUcto., V#)l. 79, p. 545. 
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their price is prohibitive, ant! it becomes an»c<x»nonucaJ necessity 
to employ either built-up plates or the artificial rforms, micanite * 
and mcgomit. When the latter are used for commutators, soft 
mica must be chosen for the component material, and there must 
be no tendency, for the cement tp ooze out when the material 
becomes heated ; hence powerful pressure is employed in order 
to remove all excess of cement daring ‘the pnxess of manufacture. 
The latter condition* applies with equal force to end-rings and 
deevcs madeM micanite or mcgomit, add when tlu-y an* used it is 
advisable, after the commutafor has l>een assembled, to heat it 
to a temperature of about *150^to ip a stove or by means of 

gas jets, and when at this high temperature. to comptess the whole 
structure by tightening up the fastening screws or bolts, at tin; same 
time carefully hammering the sectors so as to bed them well*4n1o 
the micanite until a compact and solid mav» results. The taper 
end-rings are preferably not formed of two cones or of a coned ring 
and flat band ceme nted together, but are made in one piece by bend- 
ing small strips of mica round at a sharp # angle or by -queefing a 
sheet when hot in a mould. Thorough union between the insulating 
end-rings and t[ie cylindrical sleeve must be ensured by allowing 
the latter to project slightly so tliat tin* one edge is crushed into 
the other. In machines for 250 volts and upwaub the end-rings 
should project outwards beyond the edges of the sectors to prevent 
sparking to the metal case, and on the ledge of some to }* width 
may be wound a layer of string to prevent flaking taway of the 
mica (Figs. 184 and 185).'* The thickness of the insulation of the 
end-rings aqd on the body of the sleeve should rise fmm^OtXF for 
100 volts and O-l* for 250 volts up to 0-1 25* for 5(X> and (5*15* for 
1,000 volts. In closed-circuit armatures the maximum volts per 
commutator sector, must not exceed, ^iy, 40 to 45 ; otherwise 
an arc may be established between two adjacent sec tors and short- 
circuit the \Visding between them. Except, hcAvever, in high- 
voltage machines or high-speed tm bo-dynamos, the average volts # 
per sector or 2 p . Y b !C seldom exceed 20 volts, since for other 
reasons the number of turns pejr sector mu .-a l>c limited. A large 
number ot sector?? implies a larg(f diameter of commutator unless 
# thcir width be very small, and mechanical considerations require 
that their witty h should not be lejs than - f V,* at the top, tapering 
downwards say to * at the bottom. liven then the top of the 
* sector cannot be sawntyo receive Jhe lug, so that the latter must 
be riveteef oi\ to a flat recess miljcd against the side of each sector, 
or it becomes nccessafy to increase the depth/d the sector until it 
njeasures 0-190* at the top, and # perhaps to Jturn it down along thfc 
brush working surface. ,In any case the top of the commutator 
lugs should fall slightly below the iVel of the armature surface. 

After it fia$ been built wp thl* insulation of the commutator is 
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tested with a high alternating difference of potential, all the sectors 
being temporarily thrown into contact lb y binding a wire round their 
exterior. It is then pressed on to its seating on the shaft either 
before the armature bars are inserted into the slots in a bar-wound 
armature or after the coils are ir^ place, and in ordc{ to complete the 
armature winding it ordy remains to connect up each of the sectors 
by soldering to the or < oils, junctions being made between the 
end of one section and the Iwginning of the rext in succession. If 
the armature wires are brought down immediately into the com- 
mutator sectors, the soldering may be effected in one process by 
dipping the armature veitirally into an annular vessel containing 
solder, anil allowing the solder, melted by a gas jet, to soak into the 
junctions ; but such a process is only possible with small armatures, 
arfth detracts from the neat appearance of the wires near to the 
commutator unless these are subsequently bound over with a 
string or other band. 

The silt face of the commutator is turned true after it is in place on 
the armature shaft. With carbon brushes, in order to secure the 
perfect smoothness so essential to their successful list*, the commu- 
tator should be ground while slowly revolving by a small rapidly 
driven emery wheel. 

It is evident that the eommutator, speaking generally, introduces 
many difficulties, mechanical and electrical, and on this account it 
becomes practically impossible to build closed-circuit armatures to 
give more than 4,000 or at the outside 5,000 volts. A limitation is 
thereby set to their employment for the\ransmbsion of energy over 
very great distances (unless a number are placed in serjes, Chapter 
XXIII, *§ 2 ), and for this purpose especially the continuous-current 
dynamo must yield place to the alternator. 

| 31. Binding keys and binding wire. -When the winding of 
the armature is completed the next step is to secure the active 
conductors and their cncl-connectors in place ; in or J 'r to counteract 
the tendency for the active wires to be thrown outwards from the 
core by centrifugal force, they arc firmly held either by wooden 
keys or wedges (beechwood or hornbeam, boiled in paraffin wak or 
linseed oil) driven into slopiifg grooves at Ihc tops of the 
slots (Figs. 150 and 151) of by bands of binding wire wmind # 
circumferentially round the armature. 

The former are the more commonly used, especially on large 

armatures 4 ft. or more in diameter, wher<j even with steel wire 

it becomes difficult to secure sufficient strength and <dso* grip upon 

the armature. The keys have tne disadvantage of increasing the 

inductance of the armature coils v and of partially obstructing the 

radiation of heat from the conductors ; but on tfie other hand, their 

use lessens the eddy-currents in'soli<J massive bars, since the latter 

are buried deeper within the slots' where there is less Variation of 
• # 
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the flux-density. A hornbeam 'wedge J' thick* with sides making 
an angle of 70° with its base an c! 0-470' wide at the top a breaking 

strength of about 550 lb. per inch of length ; above this the edges 
are split off, and the remainder forced out. But if the grain runs 
transversely across the slot, its limiting strength is raised to 1,200 
lb. per inch length, above whicKit yields by <tvndi»g of the fibres 
into curved bows across the slot. If ,1;' thick with slo\ 0-400 wide, 
and an angle of 60°, the t figwes become 5(H) and 1,000 reflectively. 
A hard black fibre wedge of the same siJe has its edges slieared 
off at 3.6(H) lb. per inch lengtll, and is therefore , considerably 
stronger. The air-duct spaces <4iould*nyt 1** dosed by the keys 
more than is necessiiry. With very high jxTiplu-ial sjxn-cIs, as in 
field-magnet rotors diiven by steanxur bines, metal keys are $lso 
used of bronze, in order to obtain the necessary stic-ngth. ' ** * 

Considering, first, the centrifugal force within the limit's of the 
armature core, let a ~~ the cross-scrtionul area of an aetive con- 
ductor at right angles to its length in square inches, and let z the 
number of conductors per slot ; the t<*tal area of copper in the 
conductors in a slot in a plane perpendicular to the axis of rotation 
is thus za, and taking any distanc e / inches along the ai mature core, 
the cubic inches of copper per slot in ;Ju- condde’ed length is zal. 
The curri'sjxj mling weight in lb., allowing a little U,i the \Teight of 
the insulation surrounding the net cto>s-m*c tion of copper, is 0-33 
zal, and by ^ 5 the centrifugal force per slot along tin* length l is 


— . a>*R 
S 


m 


(KUza . I /LV.VX* 


lb., 


where I\ m 


is 


the 


mean 


radius to the centre of the slot in feet ; or if d ~ the* correspnyding 
diameter in inches 2,A’ m x 12. it is 


~ 15 za ,1,-ndS 2 >: 10 ' lb. {hi dot . . (92) 

The material^ used for binding w ire aie phosphor bron/e or sjh< imn 
bronze, hard bras*, ♦Eureka wire, and steel, the requirements being 
gTeat tensile strength with but little* expansion under Ihe heat of 
the soldering iron. On the armature core the wire should be non- 
magnetic ; and lastly, in the case.* c>f toothed ai matures it is of great 
importance in order To avoid eddy-cfti rents due to the variation of 
the flux-density opposite to teeth amt sl*ts respectively that it 
should possess high electrical resistivity. The ultimate breaking 
strengths of brass and phosphor bronze wires arc* about 70,000 
and 90,000 lb. per square inch respectively, but they are good 
conductors, abd $re therefore not so suitable for toothed armatures 
as Eureka *and steel wire*. The breaking strength of Eureka wire 
is about 75,000 lb. per square indh, and its resistance per 1,000 * 
feet and per square ifleh of ^rea is 0*237 ohm, or 29 times that* of 
copper. It is therefore suitable ^or sjjmII machines, but fqr larger 
armatures and* in all case* of thigh Stress preference must be given 
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to steel, ol which Ahe ultimate breaking strength is 200,000, and 
may even re$ch to 300,000 lb. pcf square inch. On the core, 
instead of ordinary pianoforte wire must be substituted special 
.non-magnet ic steel alloys, which can be obtained with a breaking 
strength of 200, 000 lb. per square inch, and with a high resistance 
of 0*386 ohm per 1,000 feet and pr*r square inch of area, or 40 times 
that of copper. In order to render it easy to solder and to prevent 
rusting, the steel wire should be nickel-plated. In all cases the 
stretching must be inappreciable if /he wires are net to work loose, 
so that a largy factor of safety of aV least 8 is necessary in calculating 
the permissible tenspe ^tress, especially seeing that the initial 
tension under which the wire is put on adds an indeterminate 
amount to the stress. 

‘ v. * . The diameter of the wire varies from 

aJSSUSSB? Wf86£F <ym ' ( No - 25 S W - G -) for small anna- 
W.p« ooi* •Ota"' tures, to 0*056* (No. 17 SAV.G.) in 

large armatures. A band of thin tape 
covered with strips of thin mica slightly 
T|- j’r'- ■ .-‘- r wider than the wires is fastened round 

I | the armature, and on this the wire is 

| j wound under considerable tension to 

| V j form a belt about $" to lj"wide. If 

wider, eddy-currents are liable to 
I .. ,. r J cause heating of the Stands. At 

, I intervals of about 8 to 10 indies along 

j | the circmnferenlial length of the band 

-L are placed small strips of sheet copper 

about wide ; after the band has 
Fia 194.— ( lip for binding- been wound on* over these, the ends of 
wiu' hand. the strips arc turned over to form clips 

round the wire, and the whole is 
soldered together (big. 194). Such bands will Unplaced at intervals 
of about 3* along the entire length of the armature (t*p. I ; ig. 198). 

If we take No. 19 SAV.G. ( = 0 042") and allow 0-026" for the 
mica on its tape backing, and 2 X 0*006"= 0*012" for thcvfohled 
copper strip, a total addition^ 0-08" is mad* to the radius of the 
armature by the binding \fire, and the mechanical clearance must 
be reckoned from this over-all yidius. In some cases, when fhe 
core of a toothed armature is being built up, batches of discs of 
slightly smaller diameter ye interposed at intervals along the 
length ; by this means shallow’ grooves are formed round the 
periphery just deep enough to*receive the*binding wire, so that the 
finished surface beqpmes prac tit ally flush. 

The total centrifugal force of the conductor^ summed up all round 
the core for S slots is / 

ISZ.ak MX* x-lChMb.. • 


Fia. 194 .— (‘lip for binding- 
wini band. 
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and per unit angle in circular measure is 

• /, = £? = 7-5 Z .a. 1.4. .V» x 10*’ lb. . . (93) 

Ztt 


which is by § 5 equal to tiie tension acting across the single action of 
the binding wires in the length /. If the hoss -sect ion of the binding- 

wires in the length / be\*fc = ----- . \, where x is the number t>f wiles 

4 • /, 

each of diameter <5, the stress on the material is — y, nnd this must 

* # % ab 

be </ f where /< is the safe ]>ermissible fimit of tensile stress with 

the particular mateiial employed. • Thence x can be determined, 

and the requisite wires must be distributed among a sd it abloom mbt* 

of bands approximately equally spaced. ' 

At the ends of the barrel-wound armature die slanting direction 

of the end-connectors implies that the mass of copper per unit of 

axial length is greater than along the.ouv ; a tiumwise section 

across the end-connectors in a plane at rigid angles to the axis c uts 

, . ,, V w, 2 4* 1 1 • x * \ 

through / . a . - scpiare inches of copper, ulu-ic m y 

l • * 

half-pitch at the mean circumference in the centre of a slot, ami 
/ ir> the axijl length of the sloping jxntion of t I k* end-c<>nnect ions, 
as in § 22. It is therefore only necessary in the above equation 

for the centrifugal f<cce to ^tibstilute a . V m L.J for a. 


the 


In toother} armatuies of low peripheral specrl and shod k-ngth, 
the bars being tightly wedged in the slot*' and largely held by friction, 
bands and keys on the core may often be omitted, only the end- 
connectors rerpiiring to he held by bandJ. At the ends of barrel 
armatures iroq supporting rings can be cast on the Ipib ujxm which 
the end hand* nuy firmly compress the bars (cp. logs. 123 and 131 ), 
and in general, so far as safety permits, the bands should be wound 1 
ontsjde the limits of the jxdc-pieces, so as to reduce t he eddy- 
currents in them. *Bey«>nfl the pofc-faccs thin bands of solid steel 
about 1$ inches wide may alternatively J>e employed , these are 
Aistcned by a junction drawn together by a right- and left-handed 
screw (Fig. 181/. or by a cotter,* so <1iat they r an be easily removed 
and replaced in the case of repairs being necessary to the winding. 
The juncii<*i pieces must be arranged so as to balance one another 
on the armatnVe. Or, wire bandy made up in segments fastened 
together bv coned pins may be vised, which can he taken off and f 
replaced when occasion requires. * 

With very high peripheral spectls, as in machines driven by 
steam turbines, the retention bf|the mass of the end-windings in 
place is in practice a seriou*s problem and calls for special means. 
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Involute end-connectors have been employed 1 , and end bells of 
rolled phosphor-bronze, manganese bronze or nickel-steel 8 , firmly 
damping down the end-windings and reducing the risk of their 
shifting with consequent loss of balance. The mechanical strength 
of the end cylinder* hen fixes thy maximum permissible speed of 
continuous-current dynamos. 3 If l\ and /’ 2 are the total centrifugal 
forces of the retaining cylinder and of t[ie copper end-winding, 

the stress in the cylinder is 1 ^ 


*uib' 


where ah is the cross-section 


of one side. Taking. 2.3,000 lb. per square inch as the ultimate 
tensile strength of good gun-metal or bronze, and 3,850 lb. as the 
safe working stress, the cylinder of gun-metal cannot itself be safely 
rebate higher peripheral speed than about 10,850 feet per minute, 
and when the additional load of the end-connections is also thrown 
on this must be largely reduced to 7,000 or 8,000 feet jx r minute, 
according to the depth of copper. With phosphor and manganese 
bronze of ultimate strength of 50,000 to (30,000 11). per square inch, 
an<f elastic limit 30,000 lb., if 9,000 lb. [>er square inch be allowed 
as the safe working sttes^ the maximum safe speed of the cylinder 
alone is not more than about 1(3,500 feet per minute, and for higher 
speeds, ifu kel steel of 50,000 lb. per square inch elastic limit must 
be employed. The maximum peripheral speed of the continuous- 
current turbo-dynamo, with its projecting end-windings, cannot 
therefore It set much higher than about 10,750 feet [vr minute 
as given by, an armature of 32* diameter revolving at 2,000 revs, 
per minute. 

§ 32. Insulation resistance o! armature. - After the coils have 
been [>ressed into l heir final positions, but before they are soldered 
to the commutator 4 , their insulation to " earth/’ i.c. to the iron core, 
is tested with a high pressure, and again after the completion and 
drying of the winding, the finished armature is subjected to a filial 
test for insulation resistance between the winding and commutator 
as a whole and the iron core. A high insulation resistance of many 
megohms is not required, but a capability to withstand a high 
voltage without the insulatioivbeing punctured. In all cases when 
any fibrous material is employed in the insulation of any part oi 
the electrical circuit of a dynamo* absorbed moisture will lower its 
insulation resistance, which may then be much improved by baking 
in a drying stove ; the resistance will, however, once agaiii fall* 
when the dynamo is exposed to a damp atmosphere. v The surface 
leakage is in especial entirely dependent - upon the state of the 

1 See Miles Walker, Specification and Design oj Dynamo electric Machinery, 
pp. <32-7. " 

1 A. G. Ellis, " Steam Turbine V)vnamos, A Jourtt. I.E.E., Vol. 37, p. 321. 

* Dr. K. Poh l, Journ. ULE ., Vol -ft), p. 240. . 

* For a method of testing the connections When the coils arc coupled to 
the commutator, cp. <>. SteeU. (^h. d'Etectr., vol 9. w 875. 
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armature, brush gear, and of thb exposed ends *>f the commutator. 
Prolonged baking at high temperatures only ages Jhe insulating 
material prematurely, and a very high resistance of many megohms 
thus obtained may be easily broken down by a high voltage, while 
a comparatively low resistance may be perfectly sound to resist 
puncture. Surface moisture deposited by condensation from the 
air, as at night when the machinery is standing and a rapid fall of 
temperature occurs, is qsuallv quite harmless, although when new 
machinery is slur ted up for t^e lirst tinto after erection ft may 
require a moderate amount of (hying out if the voltage is high. 
It is evident, then, that a high-voltage pjint fining test is far more 
valuable than any measurement of the actual insulation resistance, 
Under a difference of jxitential propttfioned to its working pressure 
the insulation must not give wav, even when w.um/ I'lnu if\W* 
armature is to give 100 volts, it should he te-trd when JVatm by 
the application of an alternating difference of jvotenti.d of 1,200 
K.M.S. volts between winding and shaft ; or if its woiking piessure 
is 500 volts, bv the application of 2,000 lj[ M.S. vaults for one minute. 
It must be borne in mind that not only d<*s the alternating difference 
of potenti.d heat the dielectric more than an equivalent continuous 
potential, but from the shape of the alternating K M.F. curve its 
maximum is about IJ times its virtual value ; h rue surh a test 
must not be pushed to such an extreme as to weaken jxu manently 
the insula tiifli at some internal spot. I he time of applu at ion should 
not exceed one minute, to avoid local heating of the dielectric and 
breakdown at the ov<-rheate(fts]>ot. In all cases the pressure must 
be gradually raised to the required value to avoid abrupt dis< barge 
between contiguous parts of the electric circuit. 1 'I he fa< for of 
safety as compared witfi the test pressure and as compared with the 
working pressure should be particularly distinguished. J ims while 
a machine for 500 volts would be tested wifh 2,000 K.M.S, volts, or 
4 times its woiking voltage, the pressure applied to*a machine for 
very high voltages will not greatly exceed twice its working voltage, 

and its resultant factor of safety is therefore less. 

« 

VVlrtm a machine is lirst run and heated up, il v insulation resistant** 
falls much below it ? valued hen coM, and this phenomenon is no 
d^ubt due to the initial action of the he;/l generated in all the interior 
parts of the winding, by winch ghe moisture present in the cotton 
covering is driven out of the fine capillaries to form conducting 
•passages for a leakage current. Aftgr a few runs the resistance 
steadily impfov^s, and in a dynamo in regular work readies a very 
high final value. Whenfthe high pressure test is applied, the British 

1 JSec especially Hritish Standardisation Mules for lihitncal Machinery , ♦ 
No. 72, Report of liritfth Engineering Standards (onmiittcc (Crosby I tK.lt 
wood k Son), where a standard test pressure of 1,000 volts plus twice the 
rated pressure of the machine is specked, ?Jhd Miles Walker, Specification and 
Design of DynamoWcctnc Machinery, [*. 187-190. 

♦ • 
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Standardisation Rules call for an insulation resistance in megohms 
rated pressure in volts 
not ess t win j ^ ra ted output in KVA' 

Even in large dynamos and when new, the insulation resistance 
of the entire machine should never be less than one megohm. 

f 83. General. — Equalizing connections in multipolar machines 
are conveniently attached at tile back end of the armature where 
they are easily accessible, as in Figs. 195 and 19(>. Thin strips of 



loo. liCS Initializing connect ions at end of drum armature. 


copper are soldered to the ends of the bars and tootle of a number 
of insulated lings held in damps of wood or ebonite." The section 
of each equalizing connection should be such that its resistance is 
less than tire contact resistance of two sets of brushes, so that it 
may effectually abstract any * equalizing current from the path 
through the brushes. Equalising connections are also often arrange 
at the front end of the armature, being attached either to the bars 
close to the commutator or to the commutator sectors themselves, 
in which case they can be carried on an extension from the com- 
mutator at the back, and are built up thereon so as Jo be removable 
with the commutator. 

In conclusion, them is added in Fig. 197 a view of an armature 
winding shop with its winding stands carrying a number of toothed 
armature^ in various stages of construction, and finally in Figs. 
198-201 are given sectional drawings illustrating 1 different kinds 
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of armatures. The first of tfiese is a coil-wound lymature with 
core 18* diameter X 9' long for a 4-pole field, and the second a 
barrel Avou ml bar armature 21* diameter X II*, long, 4 layeis \w 



• * • 

Fig. 196. — Rear view ot armature, showing equalizer rings ((General 
Klectnc Company, 15. S A ). 


slot with* commutator in place; Ihe latter has a cast-iron hub 
while in Fig. 200, which shows a complete 4-pole machine in section, , 
the*discs are again Keyed directly to the shaft. Fig. 201 shows a 
toothed armature 25 diameter >? 10* core-length for a 6-pole 
field with involute end«comjec{or% formed of bent copf>er strip, 
and with wooden fixing yedges., • 




Fit;. 197.- Armature winding shop. 
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I M. Magnetic hamming «| toothed armatare.-I( the width 
of opening of the slots of a toothed armature is* great' as compared 



with the length of air-gajf and the* air-gap density is strong, the 
rapid change*in,the density of tficflines between the trailing edge of 
one tooth and the leading edge of t ho next as each slot emerges from 
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i - under the pole face causes a rhythmic fluctuation in the powerful 
mechanical stress which draws together the tooth and the pole-edge. 
This sets up an alternate drawing together and springing apart of 


i ; 

i ♦ 



v the and pole-edge, which in turn imparts mechanical vibration 
to the air, whence a musical humming* noise results of frequency 
proportional to the number of % sli*'s % and the revolutions per minute. 
That the sound is to be attributed equally to the vibration of the 
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teeth and to the vibration ofithe pole-edge is probable from the 
observed fact that it is more*prominent when the teeth are narrow • 
at the root and comparatively weak, and also taore ‘marked with 
laminated than with solid jx>le-$hoe$. # 

In order to obtain the most economical design of machine it is 



desirable to employ as strong a tu*Td as possible, so tliat in cases 
• where the musical hum of the toothed machine may l>e objectionable* 
special carc # imjj>t be taken in its design to prevent or reduce it by 
eliminating the causes *to which it is due. Particular relations of 
the polar arc to the toothed pitth have begn suggested for this# 
purpose, 1 but have bot in Jhc experience of the writer proved their 

1 As by Fisclicr- Hmnen ; sec G-W. W'orral), " Magnetic Oscillations in 
Alternators/’ Joium I Jit: •, Vo^ 40, p. 414. 


Fig. 200. — Sectitmai elevation and plan of 4-pole continuous-current dynamo 
• ^.;th armature 21 in. diameter ; H in. corc-lcnrth. 
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usefulness. The difficulty is t that there is in* reality no definite 
boundary or line of demarcation of the held, so tjiat jn practice no 
hard jyid-fast relation of polar arc to tooth-pitch secures the desired 
end of noiselessness even when the pole-tips have rounded corners. 
All that can be dope is to secure tha^ there is no abrupt change of 
the conditions as the teeth leave the pole-i-d^e by shading off the 
field to zeio in as nearly a continuous marine! as possible I he boie 
of the |»olv-iaces sltould ^herefoie be cliamfeied otf until the ail gup 
is very small a? the centre and gradually opens nut to the edges, 
sn that the fringe of lines dimuiislit s as year ly as may U at a uniform 
rate. Tin* best result is obtained by b*ging the poles to a larger 
radius and afterwards bringing them inwards, but a piactical 
compromise ^ given 1 a careful shaping of the edges in tin miljing 
machine, so that the tiuved surface passes geiitlv into a straight 
line, and the requisite clearance is obtained at the tips. 

The width of the slot also plays an unpoitant part, mi that in 
general till' width of the Opening should not exceed r When it 
is nece'saiv to eliminate entirely this able leatuie of the 

toothed machine it is best to employ halt closed slot s t all hough < ate 
must be taken th.ij the iinhn tame of the short-* in anted coils is not 
tlierebv im leased too much* Anotlii j # met hod of treating the same 
ddfa nit v < ondsts m making the pole dges slant ai r ^ • the ?n mat tire 
lore, so th.y they are no longer paiallel to the axis o| the slots ; 
but , in the < a-e of laminated |x>le shoes. this neeessitates the building 
up of the laminations m small pac kets about an imh thick which 
are gradually stepp'd m relation to one anothei. and this again 
leaves the tip* o*inew hat weaklv supported. mik c the m et ^ cannot 
pass thtough the wliok— hoe mai to the edges K. t ioldsi h nmlt has 
obtained satisfactory results }>v laving a linn stnp of sheet -iron 
0 5 to 1 mm. t hi* k. with a thin sheet <»f papvj under it and bent ov«*i 
its rides, along the mouth of the slot. 1 


5 35. Electrical resistance of armature. The r d elation of the 

t’latrical resistance of an armature fiom bnish to brush is made as 
foljows Idoin th<- dimensions of ilie one, the length of one a< tive 
condtfetor and of one coniir< tor \)\ wlmh it * joim d to the next 
conductor in series ran be estimated (see $ 22). I/t / be 1 1t is length 
irksome unit, and let e> the resistance of unit length of r upper 
wire of the given;-ec tional area ; 4heq the entire length of conductor 
with which the armature is wound is / / /, where / is the total 
numbei of active conductors, and it* resistant e if extended out in 
series is Z x / x o>. Since the armature is divided into q parallel 
circuits, the resistance n't each circuit is ZUn y, and the resistance 
of ^ such circuits injrarallel is . < 

Kv.rij;'":. . . . •(«, 

• , * y (r • 

* fi.T.Z. , Vol. 28. p 1188. iftrdruutn Vol* 80, p 834 ( p. also Miles 

Walker, The Diagnosing of Troubles i v hkctrual Mitihinn, pp. 1M -4. 


14-~{5MS) 
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Thus in the simple bipolar or simplex wave-wound multipolar 
machine the resistance of the armature is one-fourth of the resistance 
of the total length of wire if in series ; and in the multipolar lap- 
armature, unless multiplex wound, q = P, the number of poles, 

• u Z X lx (O 
and /?, j,, -. 


| 38. Peripheral speed o! armature.- A high peripheral speed is 
to some extent desirable, as reducing the size and weight of a 
machine for a given output, but it must be limited by considerations 
of mechanical strength and durability, and therefore its permissible 
value depends largely on the method on which the armature is built 
up. Hut apart from the question of the mechanical strength of the 
^rotating portion, its perfect balancing is of almost equal importance ; 
with high sjH*eds, even a comparatively light armature, unless 
accurately balanced, will set up such excessive vibration throughout 
the whole machine as will in the end considerably shorten its life. 
Moderately high-speed armatures are usually balanced on knife 
edges before leaving tha workshop, and a little material is added as 
by solder or by a lead plug to whichever side is lighter. Hut even 
this only secures a statical balance when at rtst, and does not 
necessarily imply balance under rotation unless the addition is 
made in the correct plant* at right angles to the axis of rotation 
exactly opposite to the point of excess weight. To attain a running 
balance, each component of a high-speed machine, i.e, hub, discs, 
core with and without coils, commutator, should be balanced 
separately, and finally the complete rotor should be spun either 
vertically nr horizontally in suspended bearings »ree to move 
laterally. 1 

With the ordinary slotted drum armature driven by belt a 
peripheral speed of about 3,(XXI feet per minute is common. In 
large continuous-current machines coupled directly to steam engines 
the peripheral sj>ced reaches 5,250 .feet per minute. When coupled 
to a large water turbine, a speed of 7,500 feet per minute has been 
reached in a continuous-current generator, and in turbo- dynamos 
coupled directly to steam turbines periphera 1 speeds as high as 
10,000 feet per minute are fpund, but in all such cases only when 
the best materials and most careful construction are employed. 
A limit is set to the advantage of high speeds by the great increase 
in the eddy-current loss thence resulting, by the difficulty of securing 
sparkless commutation, and by the increased cost to manufacture. 

| 37. Ratio of length to diameter of ermatore.— The relative 
proportion of the length L to the diameter D of armature cores 

1 See Electrical Engineer, Vol. 38, pp. 866 A and 899 A, and also W. Hoult, 
" Direct-Current Turbo-Generator^,'' Journ. LE E., Vol. 40, p. 635 ; " Steam 
Turbines and Turbo-Generators " (VV J. A. London), Joum. I.E E., Vol. 35, 
p. 193 ; H, Holzwivrth, Power t Vol. 28, p. 219 ; and § 10 of the present chapter. 
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depends on the type of magne\ and on the number of poles, and 
in each type considerable variations are p^mksible without 
transgressing the limits fixed by mechanical or economical 
considerations. 

In bipolar drums the length is usually considerably more than the 
diameter, but in multipolar machines the economical ratio of polar 
arc to length of core remains nearly a constant, with values from 
I to 1*4, so that the r.tio of length to diameter rapidly decreases 
as the number of poles is increased. See C hapter XV, § 17. 

| 38. Radial depth of armature oore. -Since the total flux which 
enters the armature from any one pole* or $> tf , divides within the 
core, half of the lines passing in either direction onwards to an 
adjacent pole of opposite sign, the area of the iron through which 
the lines flow is twice the cross-sectional area .it any one part 
of the core if it be cut through from the outside to the shaft. Hence 
if h e the radial depth in centimetres of the discs below the level 
of the teeth, and L t =-~ the net length in centimetres of iron parallel 
to the shaft (after allowance has bcAi made for the insul ting 
varnish or paper between the discs and for any ventilating air- 
spaces that then* ma v be in the core), the maximum flux -density 
’ 

in the core is B c 0 - It will be umlei stood that this is the 

JLh c L % 

maximum value which the induction reaches when averaged over 
# a cross-section through the core in an interjxilar g.i]> ; as Figs. 
219 and 221 show, in this cr<*s$-section the induction is hot actually 
uniform. With allowance for air-ducts, L { varies from 0*75 to 0-85 
of the gross length of the core L. The iron of which armature cores 
are composed being soft and permeable, a fairly high flux-density 
is permissible in the armature without impairing the efficiency or 
economy of excitation. In drum armatures the density Ii e may be 
as high as to 17,000, but is usually made to .decrease some- 

what as the frequency is increased ; since the latter is partly depen- 
dent on the number of poles, average values of B c are 16,000 to 
15.0QP in 4-pole, and 15,000 to 14, 000 in 6-jxilc machines. 

Tlie nature and magnitude of Hu hysteresis loss in armatures will 
be treated in the next Chapter, but it will here be added that if the 
assumption be made that the hysteresis loss is proportional to 
<J> a 

# then since B t = * and V c , the volume of iron in the ( ore 

C 'i » 

=* h i L i . 2rrf where r is the mean radius of the core, it follows from 
equation (96) that with a given <J>,4he hysteresis loss is oc V e 

: . n. • 

which is cc ppp Taking the external diameter and length as 
fixed by other considerations', it results that an increase in the radial 
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depth reduces the hysteresis loss mpre than in proportion to the 
increased volume and cost of the iron. On this score it might he 
thought that a low average density would U* advisable ; yet any 
such conclusion, if pressed too far, would in practice be erroneous 
for several reasons. In the first place, if tin* density is confined 
within the upper limits named above and is made to decrease 
slightly with, an increase: m the frequency, the absolute value of 
the hysteresis loss is so small that the slight gain in efficiency with 
a much lower density does not vyawant the increased cost of the 
iton. In the second place, ;gs will be shown in Chapter XIV, § 12, 
with a totaling held the V.>ss does not with high densities increase 
in proportion to the 1 (St It power <•! the induction, and even shows 
a decrease wijh values above Hi, 000, Hut more important than 
alf, the actual flux density over any < toss-sect n »ti of the core is not 
uniform, and if the cur ves of Pig-. 219 and 221 are imagined to be 
prolonged it will be seen that the inner laveis of iron tat tv less and 
less o{ their due pioportion id lines; the maximum density in 
t lie filter layers is not. thnefore. much teduced even if tin* ladial 
depth is considerably increased, while the added inner layers of 
iron are not only inefficient from a magnetic poiqj of Mew, but also 
are objectionable ,is shielding tin* layers which are most heated 
by hysteresis trom the tooling effect of air-circulation through 
the core. 1 It is not, therefore, economic nl to reilucr^he density 
below 16,000 for frequencies from 5 to 15, below 14,000 for 
frequencies' from 15 to 20, »vr below' 12,<MM) for lieqin-ncies from 
20 to 30. 

On, the othei hand, considerations of the total loss limit the 
permissible values to which the llux-deiisity in the core may be 
raised. Although with a true rotating held the hysteresis loss 
alone might be reduced pet cycle with an increased average density 
above 10,000, it must be remembered that the loss by eddy-currents 
in the discs, which is proportional to the square ot Jhc frequency 
and of the density (Chapter \Xf, $ 17b and also t lie necessary 
excitation are incieascd. Purther, when segmental core-discs have 
to be employed on large armatures, the breaks in the continuity of 
the (lists at the joints may give rise to dissymmetry in the flux 
distribution and to eddy -currents in the shaft if the average flur- 
density is high and especially <if the small air-gap at the breaks is 
not uniform over the whole width of the core. 2 

If the ratio of the polar arc to the pole-pitch be ft ^>-7. the con- 
stant k which reduces the maximum air-gap density /*, m(U . to an 
average value for* the whole of, the pole-pitch, may roughly be 

1 Dr. W. M. Thornton, " The Distribution of Magnetic Tmlm tioi. in 
Multipolar Armatures." Electrician^ 26th August. 1904. 

1 See especially Miles Walker, Specification and Design of Dynamo-electric 
Machinery ? pp. S3, 84. anti The DtagO>stng of TrouNes in Electrical Machines, 
pp. 134 and 140. . r 
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identified with fi, so that <t>« ~ /? — H 9 , 


Tl*‘ net length of 


iron in the core, after making allowance for t lie insulation between 
the discs and for the ventilating ducts is 1 1 * 0 9 > 0*9/., say, 0 8/., 
and the single sec f ion of the iron V8fi c L. 1 he average density 
over a section of the core below the teeth midway between a pan 
of jm ile'' is thus 

77 1 > f . 

07 v 

IJ A t 1) 


pole-pitch 


1'akmg a normal value for m4l as 7,500, and fixing the maximum 
limit of Ji ( as 16.800 for low frequencies and Id.(HK) tor higher 
frequencies, ft c is approximately 20 to 25 pet cent. *»t the pole pitch, 

h 77 • 

and sav, 0-212 -- 0 *66 number <»t poles, hhus the 

1) 2 p 

radial depth of cure is to be regarded as related to the pole-pilch, 
and bears a ratio to tin* diameter vvhnh is en.iielv < b j »t*n< l< nt 
upon 2/>. The laigei llie number of poles, the shallowei be< nine the 
discs. „ 

§ 39. The effect of taper in the iron teeth. The mat ki d influence 
of the tapering tooth-width # due to slots having parallel sides by 
wav of increasing the saturation at the roots of the teeth, has 
already been mentioned m § 18. Its influence on the maximum 
density in the air-gap must also here be noted. 

With slots having parallel sides the fnntion of the width of the 
tooth at the top whi< h is lost at the bottom owing to the tapeiing 

If ( l * it h / 1 ) 

inwards of theViihrs i> verv closely , Mieie R is ihe 

h 

radius of the armature and /, is the depth of the slot. Ihe fi ac tion 
whicli the area at the root is of the area of the tooth at the lop is 

therefore 1 1 ^ .* n , an<l it is evident that for any constant 

A 

values of u „ ii tl and of l t the effect of tie* taper becomes more marked 
the smaller the diameter of the armature. Hut the depth of slot 
•which is employed in small armature^ itself decreases, whi< h makes 
the variatiorf of the ratio of the two areas less as between large and 
small armatures. The depth of the Slot fteing assumed to have such 

• 

1 # The add ition.il flux of the interjxdar fringes i > in ill' al>ove approximation 4 
taken as making up forcin’ reduction of the flux under the poke fate owing to 
the; presence of the ventilating ducts in fl»e armature tore and also for the 
fact that the axial length of the poh >f : , e^s usually somewhat les# than the 
over all length /. (tf the armature core between the end flanges. Cp. ( hap. 

XVI. « 7. 


, and if is evident lhat for any constant 
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normal values as those given at the end of § 18 of the present 
Chapter, and is shown in Fig. 202 for different diameters of armature, 
this Figure shows the fraction w t Jw n for limiting ratios wjw n « 
O’S and i. The latter of these broadly speaking applies to small 
armatures and the. former to large armatures, the passage being 
made gradually from hne to the other curve with increasing diameter 
of the armature, as shown by the dotted line. Assuming no flux 



Diun of Armotart m Iacbor 

I*io, 202. Ratios of areas at bottom ami top of tooth. 


to leak into the slots or ducts, if B tt war be the apparent flux-density 
at the root of the tooth before correction for such leakage 

max X I **'*) max ^ ^ ti ^ ^ i 

whence 

«.«« - 0*1 /*«■.„ X -*>*- . . . (95) 

W /{ -f- w t 

From the point of view of sparkless commutation it is advan- 
tageous to saturate the teeth strongly up to about B n max ~ 21,000 
(uncorrected) at the root, but if this vtfiue is much exceeded, the 
forcing of the flux outwards into the slots as shown Tn Chapters XVI 
§ 8. and XXI § 19, Causes greater eddy-currents in the solid conductors, 
and the increasing reluctivity of the iron demands a rapidly increas- 
ing number of ampere-turns do overcame it. Adopting then the 
normal value of 21,000 for and inserting it in the above 

equation, it follows from ‘Fig, 202 that the value of B 9 in small 
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machines cannot be nearly so high as in large machines, and that 
it must rise from, say, B 9 mmz = 5,000 in an aimtture of 5 in, 
diameter to 10,000 in a 70 in. armature, approximately as shown 
in Fig. 203. Further reasons that forbid the use of such high 
air-gap densities in very small as *n large armatures are the 



I*r; 203. Relation of*/*, m0 , to «liauv t'*r *4 arnututv. 

difficulty of bestowing the exciting ampeie-turns on tin* poles and 
the liability of their shafts to bend under the unbalanced magnetic 
pull if the air-gaps are of slightly unequal lengths. 

Since the lar^e machines usually have the higher frequencies, it 
thus finally results when the considerations of tlu; present section 
are applied to § 38 that the radial depth of < ore, although decreasing 
with an increased number of poles, bears a greater ratio to the 
jx>le-pitch in large jnachincs. • 



ch.\pii:k xiv 

Tin: M.V.NKTir VKOH-KTIKS Oi IRON 

1 1. The conditions affecting the permeability ol iron. The per 

meability, fi, of any material depends, not merely u[x>n whether 
it is magnetic" nr nonmagnetic, hut , if it he the former, u|w>n three 
conditions. These may l»* summed up as follows : (1) Its physical 
and chemical state, e.g. whether it In* wrought iron or cast iron, 
annealed or hardened ; or whether it he alloyed with other sub- 
stances, t ainl what is the peicrntagc in which these are present, 
eg. steel alloyed with 12 per cent, of manganese hecoines almost 
non magnet ic. So far, the per meahilit v is analogous to the electric 
conductivity of metals which is similarly affected by their physical 
state* or by their pm if*’. Hut the permeability even of a definite 
chemical substance in a definite physical state is not a constant 
quality ; it also depends on (2) the value of the flux density. Regarded 
from this point of view', tie* permeability is a function of H t 
the flux-density of tin* linos pc i septate centimetre, or // f (lt\. 
Herein it differs decisively fiom the analogous proper! wif electrical 
conductivity, for in the* case of the* electric circuit the resistivity 
of the matbrial composing tt is not a function of the cm rent, but 
is independent of the amount of current flowing through it, save 
in so far as this indirectly affects the temperature of the conductor. 
Although, therefore, in the* rase* of air and non magnetic bodies, 
the analogy of magnetic |H*rmeabilit y to electric conductivity 
is perfec t, it is far from holding in the ease of iron. While 
flic' permeability of iron may be 2,000, or even more, with an 
induction /> 5,000, yet when the flux-density Viiis been raised by 

spec ial methods to the extremely high value of 45.350, the value 
of u is i educed to less than 2. 1 loom this it will be seen that 
though air, gun-metal, /ine, etc may be regarded as magnetic insu- 
lators relatively to iron w'heii the* latter is weakly magnetized, yet 
when the iron is " saturated ” the difference in their permeabilities 
becomes greatly reduced ; for rahtes of /> in wrought and cast iron, 
such as are ordinarily reached in practice, their permeabilities may. 
be said to stand to that of air in the ratio of about 20(4 or 100 to I, 
but for higher values it continually decreases, until for intense 
saturation they may be only iibout double that of afr. Next, 
'the permeability depends upon (3) the previous magnetic history 
of tfve meta 1 , i.e. upon whether»it has been previously subjected to a 

1 Actually 185 (Ewing, Ma^netit ?nUytion> in Iron , a>td other Metals , 
3rd edit.. Chap. VII, $ 94)1 * 
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larger or a smaller induction. *The iron is affected, as it were, by 
its history, so that the number of lines passing through it differs 
in the. two cases of an ascending or a defending induction. Lastly, 
the permeability ot non is affected by tempt future, but as this 
effect is hardly noticeable within th« range of temperature that is 
met with in the ordinary working of dynamos, u may loi our present 
purfiose be dismissed as negligible. Such being the onuplex nature 
ni the per meabilit v n H //, it is most convenient ton-pteo-nt the 
process of the magneti/ation oi bon graphically by t utees of indue* 
(ion or flux-density, connecting together cui responding values of 
B and II. It may here be recalled than tin quant it \ // m C (i S. 
units— -in other words, the wnigwrfiriMg intensity of the field in which 
the iron is pined, or. as it is sometimes called m tin* pi i^ciit •con- 
nect ion the “ magnetizing force/' to which the ium is mbps n d~ -• 
is abo the fall of magnetic potential which lakes plan' <»\ ei a cen- 
timetre length of tlu* substance forming, r.g. the <•*!<■ of a ung such 
as that of Fig. 1 when B lines flow thiough each Mju.ue n ntimetie 
of its cross station, A numl>er of coiA*spt udmg \ahn s ,,f // and 
B aie obtained, and these when plottetl as abscissae and ojdirules 
respectively are joined to form a cuive of flu x density. 

§ 2. Ascending and descending ctu-ves of B and H. t Starting 
with a soft annealed wrought non i mg pir\ ioudy unmagnetized, 
and the! clue in an entirely neutral state, or else carefully demag- 
netized bv means of a gradually decreasing alternate cm lent passed 
through the magnetizing helij, let \\s us< ending cuive betletei mined, 
the curient being increased in strength step b\ step, and the flux 
density being separately measured for each step. At tlu outset, 
for very small magnetizing intensities, the value of /> uses at a 
certain slow rate almost proportion.itelv to ihe in< lease of the 
intensity ; when, however, the intensity-alias reached a value of 
about 1 or 2 C (i.S. units, the rate of rise of the induction ehangi - 
very rapidly *«» a* much increased value ; at this new iatr the indin- 
t ion again continues to rise almost pioportionatcly to the increase 
of tl^e magnetizing intensity, but when the latter is raised to a 
value of from 5 to lg, although th* induction B i oiitinues lo in< lease, 
its rate of rise falls off, and becomes gradually less and less rapid. 
Hie curve thus obtained for B and II is*tha1 marked Oh in lug. 
204 ; since the non was at the Autsrt nnniagnetized, it starts from 
# the origin, and rises with the increasing magnetic intensity, as 
shown by the ascending arrow. It Is divisible approximately into 
three different ^portions, marked a>b, c, corresponding to the three 
stages just mentioned. • 

After having reached ihe point li on tlfc ascending curve of 
flux-density, let the magnetizing current be gradually reduced 
and the curve of descending indaefcort Ik* traced. This, at lias been 
already stated, # is by no means idenyical.with the ascending curve. 
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It is marked II. with a downward srrow in Fig. 204, and is con- 
siderably higher than the ascending curve, so that when the magnet- 
izing intensity is zero it cuts the vertical axis at some point R , 
considerably above the horizontal axis. The height OR, i.e. the 
number of lines still passing per square centimet r e of the iron when 



the magnetizing intensity ha? been gradually reduced to zero, is 
the residual induction or remamnee of the iron ; ite exact amount 
depends upon the value to which„the induction in the iron has been 
^previously raised, and from which, as a starting-point, the reduction 
began, while the proportion which it bears to the maximum induc- 
tion reacted is the retentivityo tffho iron. After reading point R 
on the downward curve, a, negative nfagnetic intensity is required, 
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and the direction of the magnetizing current must be actually 
reversed by reversing the magnetizing current in or^er to reduce B 
to zero. The amount of the negative intensity, which has to be 
applied in order to reduce B exactly to zen after it has been 



previously raised to a high value, Is called the coercive intensity qt 
the iron ; it is measured by the length of the line 0C in tig. *204. 

| 8. Saturation a relative tepnr-H, after reaching^ the point 
E on the ascending curvet the magnetizing intensity/ instead of 
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being reduced, had been still further increased, the curve would 
become flatter and flatter, but it never becomes truly horizontal; 
although the iron may now be said to be " saturated," the induction 
H never ceases to* increase when the magnetizing intensity is in- 
creased, so that there is no detjnite limiting value of B beyond which 
it cannot be raised ; the permeability of the iron is enormously 
reduced, but even when the peculiar action of the iron in increasing 
the magnetic flux is almost imperceptible, more flux can always be 
passed through the helix, just as if it were a simple solenoid en- 
closing merely air and without anymore of iron. The iron is 
commonly said to be,* saturated x when the curve of flux-density 
has begun to bend o'vi at the rounded kn»*e between b and c, but 
the exact appearance of tin* curve and position of the bend largely 
dt pend on the resper t ive scales to which B a ml // are plotted, big. 
205 shows the curves of flux density <»f three different kinds of 
iron, tie* ascending curve being shown full and tin* descending curve 
dotted ; in these the induction and magnetizing intensity (the 
latter shown in the upper •■of the two Males along tin* hoiizontal 
axis) have been earned to much higher values than in Fig. 204. 
The scale ot // lias been altered to obtain a convenient size «»f 
diagram, and it will be seen that now the bend of the curve for 
annealed wrought iron appears to be at B 14.000 instead ot at 
II 11 , 000 , as in Fig. 204. Saturation is in tact, so taj as lines of 
induction are concerned, a relative tenn. with no particular 
numerical significance. 

Hut so far as “ intensity of magnetization.’ J , as defined by the 
equation B H I 4rr/. is concerned, saturation has a more definite 
meaning. When II is raised above a value ranging from about 
1,500 to 2,000 ( .(i.S. units, the value of B exceeds that of II by an 
amount which is piactvally constant for any given material. 
Thus with high grades of armature iron, for values of II above 
2,000, experiment shows, say, 

B II 1-21.400 

whence the constant value of /, 1,700. This saturation intensity 

J t or the "specific magnetism” may then be regarded as a true 
physical constant of the Material. 1 The highest value of ] $ so far 
recorded is 1 ,790 (in annealed Norwegian iron) a . and an exceptionally 
good specimen of armature iron tested by Dr. Heat tie and H. 
Cierrard gave a saturation intVnsity of F.740 with a magnetizing 

• 

1 See Sir K A H ulfieUl utul I Vof B^Hopkinson, ' The Magnetic Woperties 
tf Iron amt its Alloys in intense lieUts," /.• urn l EE. Vol 48, p. 235 ; Dr. JR. 
Beattie ami H Oerraril. Eleetr., Vol. 64, p. 750. Fob* 1 8th, 1910, I\ Shaw, 
Elutr,, Vol. 80, p. 790, ami A Campbell ami D, \\\ Dye, Journ. I E.E., 
Vol. 54, p. jl. • • « 

* By B. O. Peirce, see EUittjiian^ 20tft OVt , 1909, p. 107. 
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intensity H , as low as 1,500. Ihe results of th5 latter observers are 
given in the two upper and the lowest curves of # Fig. 210; the 
saturation points are marked with a cross, after which the induction 
rises as an inclined straight line, the dotted parti lx mg continuations 
beyond the e*\jxrjmentally observe^ j*>rtions 
$ 4. Physical and chemical conditions as* bearing on magnetic 
properties of iron. -1 he permeability ot it on is laigoJv affected bv 
the pi(*M*iur of impurities, •intermixed oi in combination ssith it, 
such as pliosphuins, sulphur. tungMcii, or manganese, and also 
bv the cl«»M.*ly connected physical tpiahiv **t baldness/' The 
exact mthieuce ot any one ingieoient it i^nio t dilhcult to clcteimine, 
since its absence i>r piexmce mav altect not « o » 1 \' tlu i chemical cone 
p)>ttinn but uKo the melting -|H>mt / the pn»«es^ h\ winch the metal 
must be 1 1 eat ed during maiiwfnctme, and the mtoiaciiori i»t ihe 
other impm it ies. It may. howevei , he said that tin- most important 
ingiedieiit <ai .ill these x 'ores is carlunt ; its pi»‘s,«nee m a combined 
state Ixing detrimental to the permeability. 1 Mild s/r when 
rolled into thin sheets, may usually 1*‘ re'ied upon as being, soft, 
owing to the pi ot esses * >f lunuufmtute through \\ hi« h it has to 
lx* t arried, and. further, in this form it admits of a vny thorough 
annealing. When, however, snch sheets are st.,nip‘d «>i punched 
out into tlie shapes suitable for dvnanio puipns<s t \\ is usual 
to subji‘« * tlu* stampings to a further rcu/oi< n/i/fg. suite bv the 
pnxess of stamping they become, to a <eitain extent, hardened. 
Tlie annealing pi mess should be tallied out m audiglit dosed 
boxes or (hambejs, since mere annealing m a tin* open to the air 
reduces the permeability. In cus/ trail the elfeets oj impurities 
and ot hardness are again veiv marked. I he non used |nj < astmgs 
sliould be speciallv soft and pure. and all baidemug oi (lulling oj 
it alter casting should be avoided. I hr. total amount ot carbon 
present m a combined form or as graphite may vary tiom d to 4,J 
per cent., but should be low in ordei t < » reduce the* percentage ot 
combined carbon, if possible' to less than 0-5 per cent. Approxi- 
nia^-ly, it may be xml that, for oidinary values of // between 
40 and 80, the jxuneubilily <4 cast iron is i< ss than hall that of 
forged iron or cast steel , but ditfenjiit sample's oj cast non show 
ftiucli more divergence among themselves in peimrubiht v than 
would be found in as many Samples < *1 wiought iron. In s ted 
castings combined carbon is again objectionable, and should not be 
present to*i greater extent than 0*2 pert rent., the temperature at 
which it is c asi being (orresjKuidiRgly high. An alloy ot steel wit Ji 
5 per cent, of nickel has l»een.ii^ed with surcess to combine a 

* • * 

1 See especially Barrett. Brown and^Ha/itkld, " TO m arches on Dflferent 
Alloys of Iron.” Jnurn. I I E., Yol. M, p UU5 0 , ami If F. Farxlia.ll, 
“ Magnetic Ddta,of Iron and Steel,'' Pro*. C H , lK9h, Yol. 126* The effect 
of alloying sheet st«el with silicon is desaty. with later. 
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permeability as high a* that of good cast steel with great mechanical 
strength after forging. 1 

The ** retentivity " and " coercive intensity ” likewise vary 
greatly in different qualities of iron, and are affected by their purity 
and hardness. It will be seep from Figs. 205 and 208 that when 
a high magnetizing intensity is gradually reduced to zero, the 
residual magnetic induction which persists in annealed wrought 
iron is ^ibout 7,(KX) or 8,000, while for cast iron it is about 3,O0U to 
4,000. The retentivity of soft annealed wrought iron is greater 
than that of any other material, since as much as 80 or 90 per cent, 
of the induction may b ? retained, but this amount is much reduced 
if the iron circuit be incomplete. Its coercive intensity is, however, 
very, small, and the residual fhix is quickly reduced by a feeble 
demagnetizing intensity, or by mechanical vibration, jarring or 
tapping. Hard iron and steel, although retaining less magnetic 
induction than soft iron, keep it much more strongly, and therefore 
permanent magnets, which are required to maintain their magnetic 
properties in spite (if nuy liatrical shocks or demagnetizing influences, 
are made of steel, the most suitable alloy being tungsten steel, of 
which the coercive intensity is as much as 70 C.G S. units. 2 Were 
it not for the fact that a high flux-density cannot be obtained with 
hard steel owing to its low permeability, the field-magnets of dyna- 
mos would be made of steel permanently magnetized, and requiring 
no exciting current. In default of a material which is at once 
permeable *nd retentive, and possessing considerable coercive 
intensity, we are compelled to employ soft iron or mild steel magnets ; 
these are permeable, but require the exciting current 4o be contin- 
uously maintained round them in order that they may not lose their 
magnetism entirely under the mechanical vibration to which the 
dynamo is subject wheuuunning, or through demagnetization by 
the current -turns of the armature. 

S 5. B-H curVes of iron and steel. -While the curves of Fig. 205 
serve for a general comparison of the permeabilities of various 
materials, 5 they need to be supplemented by further curves showing 
more in detail the relative merits of such material# as are in everyday 
use in the commercial manufacture of dynamos. These may be 
divided into the four main groups of iron or steel forgings, steeJ 
castings, cast-iron, and sheet steel 'stampings, the first three being 
% 

1 A " H H " curve for a nickel-stopl forging, containing 3-5 per cent, nickel, 
with an elastic limit of 50,000 lb. per square inch, and an ultimate strength of 
80,000 lb. per sq. in. is given by B. A. Behrend, %rans. A tier. I.E.E., July, 
1008. Vol. 27, p. 106U 

* 1 Cp. S. P. Thompson,*" The Magnetism of Permanent Magnets," Jouvn. 
I.E.E * Vol. 50, p. 80, and S. Evershed, " Permanent Magnets in Theory and 
Practice," Joum. I.E.E . , Vol. 58, p.«818. 

1 B H curves for various materials ^re shown in Fig. 12 of the paper by 
A, Campbell and t>. W. Dve, Jourtt t I.E.E. , Vo!. 54, p. 4#. 
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‘used in field magnets, and thd last in armatifre cores, pole-shoes, 
f and in the rotors of some turbo-alternators. , 

For dynamo magnets, both wrought and figged- ingot iron, wliich 
were for long the favourite materials, have b*en almost entirely 
superseded by st«el or iron casting. The yoke-rings of modern 
multipolar machines are letter suited to castings, and cast steel for 
moderately high inductions above b 12,000, such aspire in practice 
required, is superior to /veil. the best wrought iron, such as am veiled 
Lowmoor or Swedish. The magnet -cotes of poles, when circular 
in cross section, are, however, conveniently made (torn rolled bars 


induction. Q. 



of ingot iron. The three materials of Fig. 20fi have this in common # 
witfi wrought iron, that they ar* all either foiged under the hammer 
or press, or are rolled info bars. Hut while wi ought iron consists 
«>f puddled balls or scrap-iron pieces welded together by hammering, 
its fibrous structure still bearing witness to its method of manufac- 
# ture, the forged ingot irons arc homogeneous in their nature^ having 
been at th$ outset thoroughly fused together in the furnace. While 
chemically th«y may be ranked asjnihl steals with a small percentage 
of carbon, the term “ ingot iron/' and its more expressive German 
equivalent “ Flus$eisen," indicate that they have been melt«l 
before they reach the hammer the rolls. Fig. 207 givfcs the 
B-H curves of four favour a specimens of the seepnd group, 

namely, steel castings ; it dso iliu^ rates the fact that a low initial 
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permeability does Hot necessarily ' ipiply any inferiority at high 
inductions, TJie curves cross one another, and they are further 
remarkable from the facts that the crossing-point in each c T ase is 
practically coincidrnt with B 15,000, and that the relative 
position of the curves bee onjes exactly reverse/!. On the whole 
there is little* to choo^ between th^perrruMbilities of tint two groups, 
the forgings being slightly mote permeable between H 13,000 
and U 16,000, and the castings moje permeable at still higher 
inductions. Ihete is indeed but, little difference iii the chemical 


Induction. B. < 



composition of tin* two groups; both are as nearly as possible pure 
iron with only such admixture of cajbon or other substances (silicon, 
phosphorus, and manganese) as may enable them to be conveniently 
worked during the process oi manufacture. An average analyst* 
for magnetic cast steel would givi>, t\g„ carbon 0;08 to 01 5 per 
cent., silicon 0 2 to 2 per cent., manganese a trace, and phosphorus 
and sulphur as low as possible. In fact, the total impurities present, 
including carbon, may not exceed 0-3 per cent., dhe remaining 
99*7 per cent, being .pure iron. The material of curve 1 in Fig. 206 
Viay be credited with. the highest permeability over an extended 
range ; at low inductions it is sightly superior to wrought iron, and 
it is only surpassed by an exceptionally good cast steel, when the 
induction is pressed beyond /f 18*000 ,* Its curve is nearly 



'H1X* 


THE MAGNETIC FKOFEKl //:> vv /ku.\ 

identical with that of an almost perfectly purt* specimen of iron 
prepared specially for laboratory purposes. • 

Thr curve for a cast iron of specially good magnetic quality is 
given in Fig. 2t*8 ; its composition was appioxlmately 70 }H r o nt. 
of machinery scrap and HO per ccnt # o» a soft hematite pig-iron. 



masses of ingot iron or steel forging. From the similarity oHlieir 
chemical analysis armature stamping* (Fig. 209 j may be expected to 
have a permeability similar 1o that pf the same iron or steel when 
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tested in bulk, and such is in fact the case. The only differences are 
that owing to its repeated mechanical treatment in the rolling-mill, 
and its subsequent annealing, the sheet -metal has a permeability 
at low inductions father higher than that of group II, but falling 
off at higher inductions, and that, as mentioned laier, the sheet-metal 
is now often definitely alloyed wifh silicon. Four qualities of elec- 
trical sheet steel are supplied by Messrs. Joseph Sankcy Sc Sons, Ltd , 
of Bibton and Messrs. John Lysaght, Ltd., of Nt*w|x>rt, Mon. 
Of these " I.ohys " is the quality mdst commonly used for armature 


Induction.B. 



stampings; thence rising in silicon content, "Special Lohy^ M ‘of 
which the permeability is slightly inferior but the total loss from 
hysteresis and eddy-currents Jess, *' Medium Resistance," again with 
a lower permeability but c iess loss, and lastly " Stalloy " with abcMt 
3 percent, of silicon which is largely used in transformer work but 
is not Suitable for armature stampings owing to its brittleness and. 
the difficulty of notching it. Curves 1 and 2 of Fig.r209 may be 
taken as roughly representative* of " Lohys/' and 3 as representing 
"Medium Resistance." For B< ~ 1 5,000, H should in no case 
"exceed 30, the percentage of silicon in the alloyed sheet-steeJ of 
the "lowest curve of Fig. 209» being higher than is necessary or 
advisabfofor armature stamping#. * In the .teeth of plotted annature 
cores the induction may often#reacli ttie high figure of B «= 20,000, 



411 


TH £ MAGNETIC PROPERTIES OF IRON 

and in order to embrace even higher values, Fi£. 210 is added. 1 in 
which the lowest curve may be taken as slightly interior to “ Medium 
Resistance" quality at high inductions above 21.000. For use 
over the whole range of practice is given Fig. 2H .* Lastly in the 





two lower curves of Fig. V.\2 are given permeability curves, which 
may be t^ken unrepresentative of average steel, such as Ls commonly 

• 

'•For the influence o^scale on steel sheet*, see F. Shaw, '* The Measurement 4 
of the Permeability of Iron StAmpings by Ewing's Double Bar and Yoke 
Method/' Eltcir Vol. 80, p. 787. # 

1 Based on the turves of Fig. 23 i$ ^ilcs Walker, Specification And Design 
of Dynamo-electric Machinery, so far as the%two lower curves are concerned. 
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used in dynamo work ; they ^how how great* is the variation of 
^ for different values of /?. 1 • 

It will now be fully evident that the relation between H and //, 
or the permeability of a given sample of non, even with a definite 
magnetizing intensity, cannot be absolutely specified, and may 
take any one of a certain range of value* accor hug to the previous 
treatment to which it lias been subjected. Since, however, the 



effect of hysteresis is very slight when the umi is strongly magnetized 
or •“ saturated,” and since in dynamo heldonagnets the non is 
usually magnetized#to a fciirly high indu<tion of over 11,000 in 
wrought iron and steel or 6,500 in ca*f iron, the value of H for a 
giten magnetizing intensity will differ lfttle, however the latter 
has been arrived at that is, whether lire magnetizing intensity 

# 1 For various method* of < om paring oi # uieasuniig j* jncahilitu *, ‘-•'•me of 

them suitable for pra<tual usT in the workshop, sec the paper quoted in the 
last note but one, ilhd Du The M igmtu C traul, Chap XI ; I’rol l .wmg, 

" The Magftctic Testing of Iron and Steel," Ma^nett> Uuhulvm in Iron and 
other Metals, 3rd od.. ('hap XII ; I.amlfand Walker ,J->nrn / I.E., Vol. 30, 4 
p 930 ; Prysdalc. Joum. I E E., Vol. 31, p. 2^3 ; \\ II. I' . Murdoch, Journ. 

I E E., Vol. 40, p. 137 ; A. Campbell and \> W. Dye, " 1 he Magnetic Testing 
of Bars of Straight or Curved Form L ou V l 7 , Vol 54. p 3.5, and for 

a comparison of*re*ults obtained tyy mfierent methods. Prof J I Morris and 
T. H. Langford, Phys. Soc. Proc.,\ of. 23, tPt. IV, p. 277, 1911 

• i 
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has been decreased down to or i her eased up to that value (see 
Chapter XVI,t§ 3). 

| 6* Magnetic hjsteresif. — Reverting to the downward curve of 
Fig. 204, it is seen (hat the changes in the magnetic state of the iron 
are not coincident with the changes in the strength of the magnet- 
izing intensity, but lag belijnd therft ; this is most forcibly exemplified 
by the residual magnetic induction which persists when the positive 
magnetizing intensity haj been reduced to zero, and by the fact that 
the induction only becomes zero After the magnetizing intensity 
has reached u definite negative value. The physical fact here 
described is known shortly as th c magnetic hysteresis 1 of the iron. 
It should be noted that this is not a lagging behind in jx>int of time, 
.since the actual time taken fbr the changes in the value of the 
magnetising intensity (provided they be not extremely rapid) is 
immaterial. The magnetic hysteresis depends merely on the 
order of succession of the different current strengths, and even long 
intervals of waiting, during which the magnetizing intensity is kept 
constant, do not obliterate the distinction between ascending and 
descending curves. What is really implied by the term " magnetic 
hysteresis " is that if the magnetizing intensity is reduced from a 
stronger,, to some weaker value, the rate at which the magnetic 
induction becomes reduced with reference to the magnetizing inten- 
sity, or the slope of the downward curve, is less than- the rate at 
which it increased when the magnetizing intensity was raised from 
the weakef up to the stronger value ; thus, if at point R the mag- 
netizing intensity be again reapplied in a positive direction, the rate 
at wbielt the induction is recovered is again less than the rate at 
which it was lost for a change of magnetizing intensity within the 
same limits. 

Let us now continue? the descending curve from the point C 
onwards by increasing the negative magnetizing intensity, and so 
reversing the direction of the induction. Aft6r reaching some 
point E', let us gradually reduce the negative magnetizing intensity, 
reverse it, and increase its strength in the former positive direction. 
A new ascending curve marled* III i;> thus graced, which again 
show's hysteresis ; it differs 4 ,in shape from the previous ascending 
curve, which started wifh the iron in a neutral or " virgin " stake, 
but is analogous to the descending curve II. Bycarrying the new 
ascenSing curve up far enough it will eventually cut curve II, say w 
at E, and we thus arrive at the same pf)int whence we started to 
trace the descending curve. A complet ejoop h&> therefore been 
described, and tile two curves Nos. II and III enclose a certain 
"area depending upofi the extent to which they diverge from* one 
another between the points B and * The magnetizing intensity 
has been taken through a c\Vteol changes in direction and value, 

1 From Greek vmpiv, to lag tehind. 
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eventually returning to the same point as that from which the cycle 
began, and the iron has similarly been taken from % positive to a 
negative induction and back again. It is not, however, necessary 
that the magnetizing intensity should be actually reversed in order 
that the curve of Induction may describe a complete loop ; it is 
sufficient to withdraw partially t lie. magnetizing intensity and then 
reapply it. Thus, at any point on the ascending curw the gradual 
increase of they magnetizing* current mig^t be suspended, *md it 
might be first reduced and then again increased ; a small loop 
would then be traced on theJndyction’curv^ inside tlfe last one. 1 

§ 7. Dissipation of energy in heat ly Magnetic hysteresis. — 



taking iron through a complete cycle of magnetic induct ion repre- 
sents a certain amount of energy which must be sjx*nt per unit of 
volume in performing this cycle ; i.c. it represents on the O.G.S. 
system a definite number of ergs of work done in taking each cubic, 
centimetre of iron through the cycle of induction traced by the loop. 

The principle frbm which this follows is established as follows. 
Taking the ascending B-H curve for a closed ring of iron magnetized 
by aij exciting coil of T turns carrying A amperes, let the induction 
be raised from B x t c^B t (Fig. 213)*in v time /. All the lines arc linked 
with all the turns T, and the increase yf the former from B x a to Bji 
(where a is the cross-sectional area of the ifon in square centimetres) 
must have produced in the excifing*coil a back E.M.F. of average 

1 — - . T. Oiyif the poirUs p x and p t are taken so close 


# value a . — 


together Jhat tlfe infinitely small increase dB in the infinitely small 
time dt Ls considered, the time-rate of increase* of the linkages of 

• dB . / dB * 

lines is and the back E.M.F. in Jhc exciting coil is T, 

• • § , 

1 Vide Ewink, Magnetic • Indian <yt in Iron and other Metals, 3rd ed., 
Chap. V, pp. 94 96. ♦ * 
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The source of the magnetizing current must accordingly do work in 
overcoming this back E.M.F. at a rate equal to the product of the 

dli A 

current and the h;y.*k E.M.F. , or a . — 7 - ~ ergs per second, where 

Y" is the value of tie* magnetizing current in C.G!S. units which may 

be regarded as constant during the infinitely short time dt. Hence 
the topd work done during the time dt by Hie current in producing 

dli A AT 

the change of induction dli is a . — T ~~ . dt a ■ ■ .dll ergs. 

dt . 10 10 

, .17’ HI • e 

Hut so that tin* work done or energy extended on the 

10 An 

* * H 

thngneiic field is a l y dli. Further, al is equal to the total volume 

of iron in cubic centimetres, and as each cubic centimetre may fce 
considered as having a propoi donate amount of work done on it, 

thowoik expended p<»: runic centimetre is y- Hdli, or y- of the 

small area /W'Va- d one unit of length along the horizontal 
represents one ( (i>. unit t of magnetic intensily, and along the 
vertical Yepresents one ( \(i.S. unit of induction. If we extend the 
same process and rai-.e the induction from any value li i to any other 
value li r the wmk expended per cubic centimetre is equal to 


I r 4 

L / // . da 

Kni, . 


thus, for example, il in Fig. 214, which repeats 


a portion of Fig. 204, t lit' induction is raised from zero lip to E, 
a total amount of work is expended in each cubic centimetre of 


Hdli , which is equal to l/4rr of the a r ea 0EM0. lhe 


maintenance of tlu* magnetic field at E or at any other constant value 
involves no expenditure of energy ; the passage of the exciting 
current / in the magnet bobbins of resistance R does indeed involve 
a continuous expenditure of energy at the rate of l 2 R watts, 
as this is dissipated entirely indicating the copper wires of the coils, 
it is n%t to be debited directly to the magnetic field, and as we have 
said is only necessary owing *to the lack of retentivgness in soft 
iron or steel. Next, let the magnetizing current be lowered from 
the value corresponding to E do\vn to zero ;* the decrease of the lines 
•now causes a forward E.M.F. assisting the cqpent in the exciting 
coiirand work is thereby domyn virtuoof the energy stored in the 

field. The amount so recovered! is# however, only* equal to -p 

• 0 W 



417 


. Y/q MAGNETIC PROPERTIES OF IRON 

of the area EMR, since the descending curve floes not follow the 
same course as the ascending curve ; lienee it is les$ tl*m the amount 
expended by 1 4 tt of the shaded area ORE. It is not, however, 
proved how much is irrecoverable until a completf cycle of induction 
has been traced, and the iron lias Drought back to the same 

state as at starting. Such a complete ^ycUyt* given in l'ig. 201, 
from which it is clear that the total amount lost jhu cubi< crntimetre 
of iron is equal to l/4n»of the area of the closed loop terminated 
by the maximaValues E and E f*l the induction. I he eneigy that 
is irrecoverably lost in any sqch cyclic fi x rs> is di^sipuiod through- 
out the iron in heat. Thus the citation of*a fi».*gnetic juld m iion as 
opposed to air is not a perfectly reversible* since some 
jHUtion of the energy ex|>ended is fiut stored but entirely lo>4 in 
B heating the iron. 1 his loss is to be sharply distinguished titan *l1e* 
loss by eddy-currents which must t<> a small t \tmt be present 
even in finely laminated iron. In a given mass the lattei loss is 
proportional to the square of the frequent v oi numhci of < \cles per 
second, while the former is simply proper n«<ul theietu, i c the^me 
varies as the square of the speed. the other as t lit* speed, and by this 
difference the twojossesmav be separated out (< haptei XXI. $ Id). 
Kddy-currents may be practically eliminated bv verv carefully sub- 
dividing the iron (Chapter XI 11, § 1). <>r by causing the induction 
to change iiery slowly. Hut no subdivision or lanunalion of the 
iron will eliminate the lo>s by hysteresis ; imr is it ledtn ed, liowt vei 
slowly the cycle be j>erforined, as is shown by the •expression 

a . jj 1 -j~ dt* from which dt disappears. Further, lh< Joss by 

hysteresis does not read magnetic. dlv upon the field, while eddy- 
currents, however minute, screen the imn against induction, and 
by reason of their MM.F. affect the fir FM -strength. linked the 
only deviation from the law, that the hysteiesis losses propoi tmnal 
to the frequency or speed, is due to the screening action of eddy- 
currents which may still be present if the thnkne-s oj the it on 
lartiir^itions be appreciable. 

$ 8. Hysteresis loss in alternating .field. The < ffe<t of hysteresis 
is most marked on the second or steep i^art of the cm ve (b, lug. 204), 
».£ if the limits within which the magnetising intcrisiiv is < v< lically 
varied fall within or embra<e t1iat*portion of the curve ; cyclic 
•changes of a strong magnetizing intensity taking plan* eiitifelyon 
the upper flat portion of flie curves ol Fig. 205, i.c. when the iron is 
'* saturated," sflow sojittle hysteresis that its effect is almost 
negligible, and no difference is discernible in ’the ascending or 
descending curves {vide Fig. 205). On the stetfy portion of the curv^ 
a cycle of changes in the stfength of*the magnetizing intensity once 
performed will c^use the jnductifufeiftve to describe a loop, but the 
crossing of the descending and ascending curves may not coincide 
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with the starting-point whence the .descent was begun ; hence a 
repetition of. tfee $ame cycle of changes will not cause the loop to 
be exactly retraced. If, however, the magnet izing-intensity cycle 
be repeated a few t/mes, the iron will eventually reach such a state 
that the same loop will be qmtinually retraced, and the change 
of magnetic inductior will itself become strictly cyclic and coinci- 
dent with the magnet izing-intensity cycle. The need for several 
repetitions of the magnetizing cycle in order that the same loop 
may be exactly retraced each time 'is much less marked when the 
two limiting values of the loop are high up on the positive and 
negative curves, and ir. the drawing of Fig. 204 it has been assumed 
that the maximum negative induction at E' is equal to the positive 
induction at E, and is reached for the same value of magnetizing 
irflonsify as corresponds with E on both the two ascending curves. 
Thus, for simplicity’s sake, only three curves are shown, and the 
cycle of induction of curves II and III is assumed to have been 
reached at once, and to be immediately capable of exact repetition. 
But.eveii if it cannot be r so quickly established, yet when the magnet- 
izing intensity is continuously varied between two fixed values in 
either direction, the magnetic effect soon also becomes cyclic, and 
thi' induction likewise varies bet ween "two values in each cycle. 
If, therefore, the loops obtained when the iron is carried from a 
strong positive induction to an equally strong negative induction, 
and back again to the original starting-point, are determined for 
several different values of the maximum induction, it will be found 
that the area of the loops, and therefore the energy dissipated in 
heat in each complete cycle, depends upon the nature *f the material 
and also upon the maximum induction up to which the iron is 
carried. The area of a loop being approximately equal to a rectangle 
having a base equal to twice the coercive intensity and a height equal 
to twice the maximum induction, the amount of the "loss by hys- 
teresis" in ergslfor any cycle, or 1/4 tt of this area, fntiy approximately 

coercive intensity x maximum induction 
be said to be equal to * . ; 

7 r 

thus in soft annealed iron it is*very small, evefi for a cycle of high 
induction, but in certain sleeks it becomes very considerable, amount- 
ing to as much as 20(), (XX) ergs pgr cubic centimetre per cycle in 
tungsten steel. Taking, however, any one substance, it has been 
found that the loss of energy by hysteresis in an alternating field ' 
is not proportional to the maximum induction, buj increases more 
rapidly at least uj) to values of the induction below 16,000. 

^ In Fig. 215 1 is given a curve Showing for different values of the 
maximum induction of the cycle the hysteresk loss of a sample of 

1 Fron*PA»7. Trans., 1896, Volf 181, Pp. 7J5-746; " The Hysteresis of 
Jron and Steel in a Rotating, Magnetic Vield." 
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soft iron tested by Prof. F. G. Baily in an alternating field. Stein- 
metz has shown that over a considerable range, say, from B « loot) 
to B v 14,000, the loss front the alternating cycle is approximately 
proportional to the l*6th power of the maximumynduction. Hence 
the specific loss in* ergs per cubic centimetre of iron and per cycle 
could be expressed by the empirical forymla^’Z' 1 \ where t] is the 
hysterctic constant of the iron in question. Since owe eig 10 7 
joule, the s}K*dfic loss in joules is # 

h x 10' 7 



Pig. 215.* Dissipation of energy in iron through hysteresis in 
alternating and rotating fields. 

• 

The value of t] varies with differont^kinds of ii< n and steel between 
such wide limits as from 0 0015 to 0^8. It is reduced by careful 
annealing, but the exact effects of varioiA processes or of chemical 
impurities cannot be said to W sell led. For average samples of 
annealed sheet iron or sheet steel such as are used in the construction 
of armatureacores, tj may be taken as^~ 0-003, while for exceptionally 
good transformer iron it is as low as 0-0015. In Fig. 216 is shown 
the curve connecting the joules expended in ambit: centimetre in 
each complete eye U with the maximum induction for a hysteretif 
constant of rj = 0 003, and a comparison with Fig. 215 will show 
the closeness of the corresponds nA: of the calculated and the 
experimental curves up to ft == 44,000. The right-hand scale 
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tfives l he corresponding joules per lb.*>f metal (I lb. = 58*5 to 59cm. 3 
of iron, areon'iing to the density of the material, so that 1 joule 
per <\ cm. approximately 80 joules per lb ). If V t the volume 

pX 

of a given mass in cubic untwietn-s, and / — i^ the number of 

complete cycles per second, tiie total hysteresis loss per second, or 
the rate at which heat i> generated in the iron is 

r , PS ‘ 1 

H u , hJV r tjli 1 rt 10 ' ^ . F f joules per second or watts . (96) 

and the value of >y/0 *|0 " or h may b< read off the left-hand scale. 



% 4 

The exponent of H is. however. not really constant over any long 
range, and when the induction is raised to a very high value, *he 
empirical formula of SteinmeU* no' longer holds evm approximately 
true ;Mhe rate at which the curve rises falls off as the iron approaches 
saturation, 1 * and eventually the loss reaches a nearly constant 
value (Fig. 215). The point cf flexure occurs in good soft iron 
at about H 15.000. and the curve becomes fairly fiat for values 
*of B above 23,000. *The tendency towards a constant value does 

1 Professor Bailv, Iiltitr., Vol. ,16, ,*>.* 116 : " The Hysteresis of Iron in an 

Alternating Magnetic ITeUl.” See aisq npKiaUy, Prof W* M. Thornton, 

" The Hysteresis Loop aiul Iralex.P F.lrctr., Vol 71, p. 214. 
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not, however, appear to l>e su* dearly marked m all kinds oi iron 
as in the case of steel . 1 . • . 

The .loss by hysteresis when iron is taken through an unsym 
metrical cycle is greater than when it is taken through a symmetrical 
cyc le for the same*totul difference o^ flux-density , 8 and increases 
with the maximum tiux-den >ity reached dining the cycle. 

§ 9. Comparison oi different grades oi iron and steel. For the 
practical comparison in* the* wmkshop of t in* hysteresis l*>ss in 
different samples of sheet steel, the hysteiesis tester oi Professor 
Ewing is the moM convenient, instrument. 1’lic specimen is rotated 
between thejHiles of a magnet fid* to rot.tfe ;8»oiit the same' centre, 
and the deflection of the latter is compared willi that pi educed by 
standards with a known hysteresis lftss. 3 A number of specimens 
should be tested in order to obtain an aye-rage- le-Milt, snip- evtn 
sample-'' taken fioin the same sheet show consult i able vaiiatioiis 
among themselves. 

According to the* expeiimcnts of Prof. I. Wilson, V. 11 Winson, 
and <i. F. ( ) l )ell 1 a sample « d “ l.ohys ” bs then supplied by Messrs. 
Joseph Sankey Cv: Soils, Ltd , gave betwre-n B ff,78o and 7,97th 

It 0-00148 B x :,!l *: 1th 7 joules per c ycle and per <. cm. 
or, say, approximately 

It 0 I«)15 I) 1 * .« 1th 7 . 

Both hysteresis and ecldv -current losses aic- leduced l^v alloying 
the steel with silicon,** the Utter effect being due* 1 1 > the* gustily 
increased electiic.il resistivity of the matnial, of whi< h mote will 
be said later. A sample e»f 4 ‘ St alloy ” supplied at tin* same- time 
to tli<- experimenters above quoted gave 

It <MMH)ff6ff B xu y It)* 7 betwee n B • 629 6.050 

and 0-(XM)ff21 /> l ' 7: - It)* 7 between B 6.050 • 11.5(H), 

* . • 

which may al*c. be- approximately icpironted by 

* /’/ O’ 00095 /f 1-4 < lo* 7 joules pe l c y< le and pel c. < in., 

or more accurately with prising frflm 0 (KH)7ff5 to 0-001 1 between 
B # 629 and B Iff, 480. For values*of ji from 17,500 to 19,500, 
Mr. J. S. Nicholson found h W-< H> 1 25 B x : ' H / l<h 7 . 

• 

• 1 <p. Beattie and Clinker, Mutt , Yoh £7, p I'll. 

* M IWnlmnn. fnurn. J E.E., Yut. 48. p. 534 ; F. Holm, / 7 /. , Yoh 33, 

p. 928. • , 

* Jount l E ll , Vol. 24,* p. 398, and I'roc C E , Yg! 128, Mav. 1896 

Cp Prof. Fleming, Elntric'd Engineer, •Yoh 20, p iWh Althongh a rotary 
moiftm is employed, the* process of reversal reHcnd»li*jf that of the- alternating 
rather than of the rotating field* # 

4 Ekelr., Vo!. 61, p. 721 (1908. 21st Anv» h 

* See Barrett* lVown and.HadfjcIeT, Journ. I h l , Yoh 31, p ?15 fT. 

* Jo urn. I EE , Vol. 53. p 253. % • 
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Other tests of high-resistivity mAterials 1 have given 
h - 000155 to 0 0009 B l x 10* 7 joules, 
and Dr. Kolben* has given for low-carbon iron sheets alloyed with 
l 07, 2 28, 3 25 aid 3-5 per cent, of silicon respectively the values 
of r\ as 0 0014, 0-001, 0-0009 and 0-0009. The above figures are 
cited to show the c.npiru al nature of the exponent of B, and the 
great variations in the values of rj which follow from it. 3 

If : n an alternating field rj -■ 0-001 and the l -6th power of B 
be assumed as correct (Fig. 216)% A convenient formula is 


/ H V« r 

hf 63/ X l(r? watts I K ‘ r c * cm * 

/ B \ l< 

0-00037 /^y—j watts per lb. 


WatU ptr lb 



Flo. 217.- Total lo*s by hysteresis ami eddy currents in an 
alternating held at 50 cycles jht second. 

' 4 

whence for any other value r\ it is only necessary to multiply the 
constant or the lower curve of Fig. 216 by r\ X 10 3 . 

But more usually the total loss from both hysteresis and eddy- 
currents in an alternating fielu is measured by a wattmeter with an 
alternating current, 4 and the results are therefore partly dependent 

1 A. Campbell, Journ. I.b'.E. , Vol. *43, p. 560. 

1 Abstracted in Engineering, Vol. 87, p. 732. 

* Cp. F. Stroude. Phvs. Soc. Proc., Vol. 24, p, 238, abstracted in EUctr 
Vol. 69, p. 606, 19th July, 1912. n « 

4 Sec especially Prof. J. Epstein, " The Testing of Electrical Machinery, 
and of the Materials for its Construction," Journ. I.E.E. , Vol. 38, p. 33 ff. : 
A. Campbell, " On Magnetic Testfhg of Iron with Alternating Current," 
Jour*. I.E.E., Vol. 43,* p. 553; and t. Wild, " The Testing of Transformer 
troll" Journ. I.E.E., Vol. 46, p. 217 ; Dr. S Guggenheim, £. u. M.. Vol. 28, 
pp. 336, 337, abstracted in Electr^ \{pL 64, p. 539, and other papers, cited by 
Ptof. m*s Walker in Specification an 4 Design of Dynamo-electric Machinery , 
p. 86. • 
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upon the thickness of the stampings. For purposes of comparison 
it is usual to take as the standard conditions a frequency of 50 
cycles per second and maximum B — 10,000 (Fig. 217). The 
total Joss in watts per lb. by both hysteresis apd eddy-currents 
in an alternating t field should then not exceed the following 
amounts — 

Sf>r(ial \fr ilium ♦ 

, l.ohys c. SlaHgy. 

1 H3 * I 43 0 88 

1-1*3 MS 0 8 

, K>9 * 1(H) * 089 

* • • 

i 

The total loss is naturally reduced to about two-thirds by the 
high electrical resistivity of silicon steal to which allusion has already 
1 lx‘en made. Dr. Kolben’s tests gave for sheets, 0-020* flmk. ;r11oy?d 
with 1 07 . 2 28, 3 25 and 3 52 per cent, of silicon 1*30, 1 - 67 , 0 93 
and 0*84 watts jut lb. respectively. The sj>ecihc resistance of 
these sheets was 28-7, 35*5, 50 and 59-5 microhms per cm. cube, 
and their increase of resistance per 100» (. jise 19, 14, and 5 per 
cent, respectively, so that the high-silicon alloys have a low tem- 
]>erature coefficient. The resistivity of the high-resistance alloyed 
materials 1 ranges from 43 to 60 mierphms as compared with 11 
to 15 microhms for ordinary sheet steel with 3 or more per cent, 
of carbon. * 

The specific resistivity of Stalloy* is about 49 7 min ohms or 
► four times that of ordinary stampings. Its permeability when 
carefully annealed cart reach*very high figures 8 such as 4,140 at 
B = 6,fk)0, aryl Prof. Wilson found 4,470 at B 6,050. Thus at 
low' inductions the permeability exceeds that of the best iron, but 
this is not maintained at high inductions ; c.g. the permeability 
at B - 13,480 mav fall to 832 (Fig. 212). *t 11 140, Dr. Kolben 

gives values for B of 17,300, 17,000, 16.7(H) and 16, 4(H), falling 
with the percentage of silicon. 

Owing to the greater cost of alloyed steel its use in dynamo 
wofk at present comes into question only in the cast.* of extra high- 
speed*turbo-generatys and turbo>ilternators, where the frequency 
is high, and it is very necessary to* limit to tfie utmost the heat 
generated per unit volume of the armature. Dr. Kolben’s tests 
showed that with 3 or more per cent, of silicon the sheets become 
very brittle with little elongation, although the ultimate kmsile 
'strength increases; such# sheets aro therefore difficult to stamp 
and are unsuitable for armature cqres. But with a lesser silicon 
content as in ,r Medium Resistance^" quality, mechanical properties 

* 

i*Cp. also A. Campbell, Journ. IEE., Vol. 43, p. 560; Barrett, Bv>wn 
and Hadfield, Vol. 31, p. 681. • 

• Prof. E. Wjjson, V. H. Winson, sfa&G.**. O'Dell, Electr Vol. 61, p. 721. 

* H. R. Hamley andX. Rossi ter, ^Electo^, 3rd Nov., 1911. 
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may be obtained irt comparison whb those* of " Stalloy " as shown 
by sur|» approximate figures as the following ~ 



plonqation 

Yield point- 


on 1 ins. 

i« tons per sq. i 

Stalloy . 

y 8 ix- r tc*nt. 

. 25 

Medium l<* si it, lie •• . 

. 2<v 

oo 

l^'hy-e 

18 

12 


| 1<K Ewing ’• molecular theory of majrnetUm. * At this point a brief outline 
may tx* given ot the mo<l*-m r ili« orv of ma metmm wlm h salt U< t»»rily accounts 
for the very Ian.;*- range of tuts that ha\e Ix-m brought to light by exjxri' 
mentat research 1 I he ut >ln mar thmtv, it is brim-d, Marts with the 
fundamental assumption ihai the molecules of a magnetic I ** >< 1 v are already 
ami always pe rmam nt .magnets endowed with polarity, and that the pjotess 
<-l magnet i/at u m e. insists m turning these small magnets so that the direction 
of then magnet it a\» « oim ides more or less with the dir** (ion of the mag- 

irt 'i/ing intensity title to some externa! < aiise I he actual elistam es Udweeii 
the centos of the mol*-, ul.tr magnets aie supposed not to lx- (hanged (save 
1»V the etlei ts of lin t hanit al stress or heating;, so that eat h magnet ts only 
capable of rotation about its t nitre Suin', however .'as the ascending curve 
• d Pig -Of shows), a slumg magnet i /mg intensity is reipiired to poxlm *• a fngli 
magnetic iuduition in non, it i> evnlent that the molecules cannot In- jx r 
fe< 1 1 v fret* to turn and \t » themselves along the dir.-, ten of the magnetizing 
intensify; l.n m that tase. • vni when a w*ak magm-tt/mg intensity was 
applied, they would all swing round into line with its direction, and the iron 
would at Hilt e l*ei nine enturh "salinated” Tlle\ mus. tlietef* .re e\[»erien< •’ 
some restraint, and the e\a» t u.iture *>f this restraint was for long a stumbling- 
block hut m 1X00 fh*- e\p« unit nts of Professor luing led him to return 
to the simplest lupothesis, namely, that it i > the mutual attraction and 
rc‘pulstoii of the molecular magnets wlmh supplies the t oust .airung force, 
and hinders their immediate alignment into }s-rli(t parallelism with the 
magnetizing intensity. h\ means ol a moth l visibly repr* s.-ntnig the supfK»sed 
molecular stun lure of a magnetic body he * as able ‘o imitate almost all of the 
phenomena of magnetism, ami theme to deduce the following theory * 

The irolrc ules of a pus.' of non when m a neutral state* ar • assumed to lx- 
arranged m gmups . these are not necessarily identical m configuration, 
but eac h of them is stable, and has no external tmiglu tic ett'n t , the attractions 
and re pulsions of , a« h magnet N'lng satisfied within its own group. I : or 
small displacements of its .nemlx rs the whole group remains stable ; but if 
the niemlx't's are turned through a sultnieiitly great .ingle, and the group 
is distorted, one or mon* memU’rs Immuuic unstable*, and their c*c|iuhbrium 
is liable to be' upset. 1 he* result is that for a slight increase of the* displace 
ment the whole* group l**« nines broken up. and has to be partially or wholly 
reartanged and reconstructed after a new plan From the internal structure 
uImivo elc'scritx'd it follows that when a group is subjected to a magnetizing 
intensity which is gradually un reasec* m strength fr*un zero, the first effect 
is to produce* a '‘table deflection of^ill tin* cmAjxmeiit mcmlx'rs, except those 
which he exactly along or opposite to the chrec tion c*f 11. and the j*ene*ral hues 
of the group are still re t idled. This corresponds with the* initial stage <d 
magnetization (ei, Fig 204) when tljp induction increase* at a slight rate almost 
proportional b> the* imrvase of the magnetizing intensity. lUit now let the? 
value of 11 be increased still further; the members of the group are still 
further deflected, until at last one* or more become unstable. The ties which 

1 For a further theoretical development, whie'i combines Ampere's hypo- 
thesis of molecular currents with Fwnng’s theory, see the valuable pajx*r on 
*iV Permanent Magnets *u Theory and Practice,” by S. Kvershed, Jcurn. 
/ Vol. 58, p. 780. 

1 ” Contributions to the Molecular Theory of Induced Magnetism,” by 
Professor <*'wing, now emlxxlied \£ith auTdit^ons ip the samy author's Magnetic 
Induction in Iron and other Met iif . Ch\p. XI. 
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bound them are then ruptured, aA<f by the inlermulceular attractions and 
repulsions they and their neighbours are constrained to qharge entirely their 
grouping, and take up some new configuration, the main lines of which agree 
more clbsely with the direction of H. In general, with a considerable number 
of different groups, tins stage of instability will not l ** -gvached by them all 
simultaneously at one given value of H. buj group alter group will gradually 
become unstable and break up. This second stage, when the group* are one 
after another passing through an unstable condition, i onesjKmds to the 
sleep part of the ascending curve (6, Fig. 204) when the induction increases 
at a rapid rate. If H be still furtjier increased m strength, we have the third 
stage (c, Fig. 204) t .in which the alignment of the molecules U-comes gradually 
more and more perfect ; as each molWrule is pulled tm ire and more into line 
with H, the iron becomes more and mure ‘ saturated,'' and its permeability 
decreases The deflections of the molscule, in their ;h-rd stage are, however, 
again stable, as m the first stage. When the Saturation intensity has been 
reached, all the magnetic molecules will set themsMves along the hue of 
direction of the magnetizing intensity without further interaction anting 

• themselves. ” . * 

Hut now, if after stage 2 the intensity H is gradually r< uitiv.d, the anajoril y 
of the groups, having swung over to a new stable condition, retain their new 
configuration ; heme, if the intensity U* reduced to zero, then* is still a tun- 
sidcrable amount of residual magnetic induction, and it will u<puie the 
magnetizing intensity to U? actually reversed to prodme a ioudition of 
instability in the new groupings, and so cause them b» l>e in their turn upset 
and replaced by fresh configurations. Thus the gradual removal ol the mag 
netizing intensity does not lead to the exact and complete rc)»etitiou back- 
wards of what happened when the magnetization was bing increased ; m 
“filer words, the movements ol the molecules are not tecrr-uble without 
qualification. (iiven, however, a sufficient numlx r of gomps < omjg.sing the 
Ixxly, if the magnetizing intensity be removed and reapplied, then, unless it 
!*■ very weak) there are, in general, some groujis \v)m h pass through a con- 
dition of instability. Kxjx-t ndly will this lx- the case if the pu*< e ol non U* not 

• perfectly homogeneous, and if, therefore, the lines of the different groups or 
chains are differently imbued at different places. This exactly t <u resjsmds 
with the observe! facts, that hysteresis is always present in all cyclic changes 
of II, but that^ts effect increases rapidly for changes extending pver the 
second stage of the curve of induction. The approach to a sternly value of 
the hysteresis loss in the Hard stage may also lx- expected ; thus in log, 204 
if the iron had reached its saturation intensity at point li, the area of the t losed 
curve should give the final maximum of the hysteresis, any increase of the 
induction beyond i; simply carrying the molecules with it in complete 
alignment without^ the passage through fresh configurations. 

The phenomenon k>? hysteresis is tlius amply accounted ^f- r It occurs 
whenever on the ascending curve a molecule is defies ted from one stable 
position to another through a position of instability ; since then, on the 
descending curve, the new position will persist until the change in the mag* 
netiznf^; intensity becomes so marked ps to cause it to pass again through 
a position of instability. Fuiiher, whenever a molecule passes through a 
position of instability, energy is dissipated in tjh<* form of heat ; its equilibrium 
being upset, it acquires kinetic energy in falhng Owr towards a new position 
of equilibrium, abopt which it then oscillates and causes its neighbours to 
oscillate. How the oscillations are damped out and converted into heat is 
jiot yet precisely known ; the damping cannot be due to mechanical friction, 
and is more probably due to*some form of molecular eddy currents. That 
mechanical vibration should lessen the residual magnetic induction is easily 
explicable on the molecular hypothesis, ’since it will cause changes in the 
distances between the molecular centres.. During the swinging thus set up, as 
the piagnets recede from each other their stability i% reduced, so that they* 
respond more easily to Change of magnetizing intensity, and hysteresis is 
lessened. 1 

| 11. Hjttortfis in dynamo traitor Jf.*-A41 that is required in any material 
for dynamo magnets is high permeability under strong magnetizing inten- 
sities; its hysteresis and losp of energy i?l consequence thereof are of no 

15 — ( 5065 ) 
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interest to the designer It is different *"hen we come to the materials lor 
armature cores, .where both high permeafslity and low hysteresis are desirable. 
The question of the hysteresis in armatures requires, therefore, some further 
consideration. „ 

'Hie results descried in § 8 are obtained when iron is subjected to a mag- 
netizing intensity, of which the direction is always along the same line, 
although it alternates m " sense ' from a r to a maximum. Hut such 
linear alternation of nn guebzation, as it may U: called, d<xs not strictly 
correspond to the case of the armature core of a dynamo. 

In the heterojwdar ring or drum armature, whether of an alternator or 
continuous < urrent machimy the magnetizing intensity paries also in its 
spatial directum relatively to the arma'.uie core, and the characteristic feature 
is that the molecules of iron mu*t adjust themselves spat tally to this varying 
direction. As they are carried round, with the armature, they would tend 
to adjust themselves continuously to the changing dim turn of the flux. 
The maximum strength of field occurs approximately midway between the 
]>olys, and the minimum at the cent?/; of a pole, where the magnetizing intensity 
-only dies away to zero as we jsmetrate to the inner layers of a miv of consider- 
able rad yd depth. Hence, as the armature revolves, ea< h molecule of iron 
in the Ixxly of the armature core retaining its alignment with the directum 
of the field from jx>lr to jxile, even while rotating, is in effect twisted through 
an entire urile of 360 y m each jktuhI corresjxmdmg to the passage past a pair 
of jxdes. 

1,12. Hysteresis in a rptating field. It is therefore dear that to imitate 
the case of a heteropolar ring or drum armature a piece of divided iron must 
U’ rotated in a constant magnetic field, or conversely a constant magnetic 
field must Ik* rotated nlxnit a stationary iron armature. t Thc logical deduction 
from Professor I wing’s theory as applied to *uch a case was first pointed out 
by Mr. Swinburne. During the lirst or quasi elastic stage corresponding to 
a weak held, the hysteresis loss should increase but slowly ; during the 
second stage, when the groups of little magnets are passing through irregular 
combinations, the loss should increase rapidly and approximately m pro- 
portion to the induction, but finally as saturation is approached the hysteresis 
curve should reach a maximum and then not merely remain constant as in 
the case of an alternating field, but Umd over amf fall rapidly towards zero. 
When the magnetizing intensity is never removed, and at each jx>int in the 
path of the molecules is of such strength as to keep them m perfect alignment, 
even though rotated, there would lx.' no op|xntunM,y for them to pass through 
a {Mjsitiou of instability and so to break up into new combinations. This 
view r , which was first advanced as an objection to the molecular theory, has 
since been amply verified by direct exjK*rimeiit, and furnishes additional 
evidence of the correctness of the theory. Indeed, by means of an ingenious 
model in which a number of little magnets are rotated in. a constant magnetic 
field we arc enabled to watch the actual progress of the phenomena ; the 
spasmodic breaking up of the initial configurations under the strain of rotation 
in a field of moderate strength is rendered visible, and we can trace the gradual 
increase of alignment, until finally the field becomes of sufficient strength 
to maintain the magnets jiointmjs; always ip a definite direction, however 
quickly the frame which carries them is spun round . 1 In the early stages 
the hysteresis loss of iron in^a rotating field, or of iron rotating in a constant 
field, although of the same order as, in an alternating field, is somewhat 
greater.* This may be due to the more gradual change of the rotating field, 
and afc>o to the smaller choice in the direction of movement of the molecules, 

1 The first experimental verification « f this fact w r as c< mmunicated to the 
HVitish Association J>v l Vo lessor F. G. Daily in 1894 ( Electrician , Vul. 33, 
p. 516), and a model illustrating it was shown by Professor Kwing in 1895 
*• { liUctr. , Vol. vH. p. 67D, and Magnetic Induction ir Iron and other Medals, 
ChaV XI). 

1 Cp. Holden. Electr., Vol. 35> V y3& ; Hiccke, E.T.Z., Vol. 23, p. 142; 
P. Weiss and V. I’laner, Journ. de Pkys, ; qte\ Vol. 6, p. 5, andti. Vallauri, AtH 
delV Assoc. Ellettr. Hal., Vol; 13, p. 437, p 1909. 
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so that some combinations otter mow resistance to dissociation, and on their 
rupture the oscillation is greater. 

In Fig. 215 the second curve shows the results obtained by Pro- 
fessor' Baily for the hysteresis loss in a rotating field 1 for a small 
cylinder made up of soft-iron discs cut from the Same sheet as that 
for which the first curve shows the* Ions in a:i alternating field ; 
the latter corresjHmds to a hystereac constant 7/ almut IMKW, the 
former to a value somewhat greater than 0 004 so long .o the curve 
is rising japidly. Indeed, for B - ■ 8,000 »»r 10,000 the hysteresis 
loss in the rotating field is some 50 per cent, higher than in the 
alternating field. But when B the avenge induction across a 
section of the coie at the spot where if lias its maximum value 

half flux of pule ... 

. , leaches 15,000, the )os> l)» t nines less when 

cr< *ss section core 


.'ou'ft* p*r C c*n 

P tf CfC >t 



reversal takes place by rotation, and at about 16,000 or 17,000 it 
attains a maxynum ; it thence decreases rapidly and almost 
disappears at It -* 21,000, but with a slight tendency lor the curve 
to turn off as it approaches the zero axis. 2 In the complete curve 
of Fi^. 218 are given the results of tests made by Messrs. Beattie 
and Clinker 3 on shout iron ; the initial portion up to It 14,000 
agrees roughly with a hysteretic constant of OfXKk The upj>er 
sh#rt curve of the sime figure is obtained from tests made bv Pro- 
fessor Baily 4 on an actual dynamo armature. Of two specimens 
jested by Mr. Holden 5 up to B 8,000, one gave results agreeing 
fairly closely* with the upper and thi other with the lower of the 
curves of Fig. 21o, so that they may He taken as representing average 

1 Phil. Trans . 1896. Vol. 187, pp 71 S 746. 0 

* ft. Crepek’s experiments {E. u. M Vol. 28, p. 325, April, 1910) do jiot, 
however, confirm this. 

* EUcir., Vol. 37, p. 723. t , 

* Ibid., Vol 44 , p. 323. 

* Ibid., Vol. 35, p. 327. 4 
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eases. The exponent was found bj Mr. Holden to vary in a number 
of samples fro^n 14 to 17, the average being 15. 

The flux in a cylindrical armature core follows such lines that the 
total reluctance which their paths present is a minimum. Bctw'ecn 
any two points symmetrically. situated within a pair of neighbouring 
poles the shortest path is, the chord joining them together ; if this 
were rigidly -followed, it would cause such a concentration of the 
flux iu’ong a narrow band situated some Jit tie distance below the 
outer periphery on an interpolar. section of the core that the per- 
meability would be appreciably reduced owing to the great density, 
and a longer path with higher |>ermeability would then offer less 
reluctance. The lines therefore spread out, but their density 



I-'ui. 219. Inductions in smooth- 
corn internal armature at (fiifcmit 
radial depths and ddfrrent cross 
sections. 


B 



l'n;. 220. - Half cycles of magnet- 
ization at different depths in 
smooth core internal armature. 


across any section never becomes completely uniform. The dis- 
tribution of the induction within a small armature core, both spiooth 
and toothed, lias been described by Prof. W. M. Thornton in a 
paper on “ The Distribution of Magnetic Induction in Multipolar 
Armatures/' read at the meeting of the British Association in 1904, 1 
and in a second paper on the same subject published in Journal 
LET * (Vol. 37, p. 125), on which the following is based (cp. Fig. 
249). It is there shown that the depth within the core at which 
the maximum density is found is almost independent of the total 
flux and of the air-gap length,- but depends upon the pole-pitch. 

smooth-core multipolar machine it occurs practically at“the 
centre of a chord joining the joints at which the centre lines of 

1 Reprfntcd in Electrician, 26th August, 1.904 . Cp. also W. E. Goldsborough, 
Trans. Amtr . LE E., Vol. 16t pp^48l-oOO. 
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the poles intersect the periphery of the armature. Further, if 
the induction is measured at different depths in a •radial section 
of the core and with such radial section occupying the different 
planes marked A, B, C, I>, curves similar to Fig. 219 are obtained 
in a smooth-core Armature with particular values of the air-gap 
length and density, ratio of polar arc to pole-pitch. and shaj>c of 
pole-tip ; with other values of these latter quantities the curves 
are of different shape, nut Vig. 219 may be taken as a fypral 
constiuction to show the approximate values of the inductions 
when the polar arc is 70 per cent, of the nole-pitch and a mean 
induction of B c 16,000 at the centre # of the interpolar gap is 



|*‘ |(j 22!. Induction* m inul • J 222. Half <d magnrtu 

tiivihir tooth' ll armature core at ion at tlttl* i * i*t depths m multi- 

jwtl.u armature ' ore. 


assumed in a smooth-core armature. Finm these curves, by re- 
plotting the ordinates for a particular depth in relation to the pole- 
pitch are obtained the curves of lug. 220, whi< h show the nature 
of the magnetic diunge wliich the molecules oi ii < >n at each depth 
pass through in a half-cycle. In a toothed armature core (Figs. 
221 and 222) the density over the section midway between the poles 
with "normal ratios 4 d armature dimensions falU motet nearly in a 
sloping straight line, and under the jxde the d( ndty near the inner 
edge of the core may even rise again. 1 ‘The true calculation of 
the hysteresis of a rotating armature would thus only be obtained 
if the core were divided into a number of small coaxial tylfhders, 
# and the hysteresis loss of .ach elementary cylinder passing through 

1 This rise is. however, tfnly apparent; as jointed , out by Prof. W. M. 
Thornton to the writer, the reason for it is that scar, h coils in a radial plane 
und#r a pole are perpendicular to the flux at the outei face immediately 
the slot of a toothed armature and also near the inner face of the core* but 
are not so strictly perpendicular near th^ centre of the core where the lines 
pass through thp coils in a more slantiifg direction ; hence the ceniral search 
coils give a lower than^thc true vitluc for Uie induction at right angles to the 
flux. • 
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its particular cycle of magnet izat itm could be estimated, their 
separate losses 'being finally added together. Such a process would 
be unnecessarily tedious in practice, but the above analysis -serves 
to show that in ♦he experimentally observed curv f e for a rotating 
field of, e.g. Fig. 215 for each *alue of the total flux-density averaged 
over the cross-sect ionSf the cor- between the poles where it reaches 
its maximum 1 value, the* separate losses in the indefinitely small 
cylinders are summed up for us in the particular case of the armature 
which was actually under test, a lie results are therefore to some 
extent dependent upon the fength of air-gap, ratio of the polar arc 
to the pole-pitch, and sfia|tf of pole-tip which were actuallvemployed. 
The air-gap in the case of Fig. 215 was 0 275 cm., and the ratio of 



loo. 223. Flux distribution in external armature core. 


tlte polar arc to the pole-pitch was 0*666, which may be regarded 
as fairly approximating to practical conditions. 

In the external stator core of a 15,000 kVA two-pole turbo- 
alternator, 1 10 in. in external diameter v.ith a core depth of 25 in., 
one quadrant of winch is shown in section in lug. 223, with the 
approximate paths of the flux, experiment 1 showed that at each 
level behind the stator slots, the curve of flux density from pole 
to pole was practically sinusoidal at no load (Fig. 224). When 
the average density over the section of core where ttu* flux was at 
its maximum (*.<\~- one half of the total flux of the machine 
divided by the net arpa of the sifigle core-section) was about 18,000 
and *12,700, corresponding respectively to 12,500 and 8,500 volts, 

1 Carl J # Fechhcimer, " Flux-di&riKutvon in the Core of a Turboaltcmator," 
Jouth. Antfr , LEE, Vol. 39 4 p. 669, 1920. Through the courtesy of 

Mr. Fechhcimer the writer has be/n enabled to reproduce here Fig. 223, 
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the density at the outside was el>out 0*9 times, and on the inside 
1*2 times the average (Fig. 225), showing that tlif flux reached 
well bfick to the outside of the core, in spite of its greater length of 
path thereat. The range of density was not therefore great. 




I 13. Influence of vibration and temperature on hysteresft in 
dynamoe^IV mechanical ^vibration 1 to which an , armature 
* Cp. Phil. Trans , 1896, Vol 187, pp V s 74H 
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*fa subjected when* running reduce the loss from hysteresis only 
slightly, but t p 4 ssibly the much more rapid vibration due to 
the alternations of the current in an alternator armature* even 
when stationary ^nay affect the amount of the loss. Experiment 
shows that with increasing temperatures the hysteresis loss decreases 
by about 1 per cent.^for each 10* C., so that when a dynamo is at 
work and tlv>rnughly heated there may be a reduction of some 
4 per fceiit. from the loss when cold. »On the other hand, the body 
of evidence joints to the fact that after the iron has been subjected 
to continuous and prolonged heating at a fairly high temj>erature, 
.such as 65° ( ., there is\1 p*rmanenf increase in the loss 1 (“ ageing ”). 
The effect of temperature in the case of dynamos is, however, on 
thu whole of small moment. • 

S 14. Practical calculation of hysteresis loss. -In all calculations, 
therefore, as to the heating of armatures, or as to the efficiency of 
dynamos, some allowance must be made for a loss of energy by 
hysteresis, as estimated from the formula 

h u , r.wM's . . (97) 

In the teeth of a slotte<l # armature,*l , rof. W * M. Thornton has 
shown Ify the analogy of stream-line photographs that the direction 
of the lit ix through a tooth while remaining vertical^’ down its 
length under a pole gradually becomes oblique as the pole-tip is 
approached, and finally becomes horizontal or directly across tooth 
and slot mid-way between the poles,* though never falling to zero 
(big. 219 b). The magnetization is therefore rotating, and at the 
same time fluctuates between such limits as^20,(KM) and 5,000 when 
the former limit is tin* maximum llux-density. In default of cohi- 
plete knowledge of the l^ws governing the hysteresis in such a case*, 
it must suffice to fall back upon the rotating-tield curves of a solid 
core as summilig up for us the average effect fot a. given maximum 
value of B . Thus for both the body of the core and the teeth the 
value of h is to be taken from the rotating-tield curves of either lug. 
215 or 219, and on this assumption it follows t[iat the distortion of 
the field under loa<] (as will be described in ( hapter XIX), al- 
though probably increasing* the loss, will not produce any gr*at 
effect , since at very high densities dhe livsteresis loss does not with 
a rotating field continue to rise'. In order to be on the safe side^ 
the density at the top of the tteth may bv taken as the^ value for B , 
since with a rotating field in t^e teeth this will visually give the 
largest hysteresis .loss The process of Calculating H w is again 
4 ^ferred to in Chapter XXI, § 2 f . t • 

Irr continuous-current machines the frequency pNjGQ on an aver- 
age ranges from 10 to 40 for %m*ll*outputs of a few kilowatts, and 

1 Cp. Professor J. Epstein, Vol. 38, p. 36. 

m * 
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from 5 to 20 for large outputs to 1,000 kilowatts. In dynamo/ 
driven by steam turbines the frequency even in fcirge machines 
may be as much as 50, as e.g. would be given by 1500 revolutions 
per minute with a 4-pole field, and such a frequency is not uncommon 
in generators drivon by steam turbiyes through gearing. 

It will be found that in the a[x»ve and .wn in the case of 
alternators with the normal frequency of 50 the total Wat generated 
by hvster 1 >is is comparatively small, ami only becomes of*mn<e- 
quence as increasing the heat due to other and more serious losses. 
Hence the permeability nf # the armature stamping is of more 
importance than their hysteresis ; and siico »he one bears no direct 
relation, as far as is known, to the other, it is* to the pcimeability 
that attention must be chiefly directed. 
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MKMj-M \(»NKTS 
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f 1. Economical limits to flux-density in magnets. —That the 
number of ampere-turns required per unit l»;ngfh of iron in order to 
produce a certain fluxderiMty therein, increases very rapidly as the 
density is it ^ If increased, is sufficiently shown by the B-H curves 
of Fig. 205. I bus ir? tly* case in iron foigings or steel castings, 
while a density H 40,000 may be obtained with 20 to 140 ampere- 
tuns for each centimetre length of the circuit in the iron, it requires 
nexrly treble'that number of ampere-turns per centimetre length 
to obtain Ihe in< reused density of 1 8,000. Hut the excitation of 
the held by magnetizing coils implies, not only a certain first cost 
for the copper wire used therein, but also a continuous outlay 
duruig the working of the machine ; for electricalenergv is absorbed 
by the passage of the amperes through the turns, so long as the 
machine is at work. Evidently, therefore, there must be some 
approximate limits within which it is economical to keep the value 
of the flux-density in the held magnet. If the density falls below 
a certain minimum limiting value, the iron magnet becomes too 
heavy and expensive ; in a self-exciting dynamo there is the further 
disadvantage that t hr magnetism may be unstable (as will be more 
particularly described in Chapter WTf, § 10), and the machine may 
become -difficult to excite at all. On the other hand.df tlu* density 
in the magnet be pushed up to a very high figure tlu* ampere-turns 
required thereby will bear an excessive proportion to the whole 
number, and will involve too large an expenditure either in the first 
cost of the copper or in watt-hours during the working of the 
machine. Since, when designing a dynamo, t'u member of lines 
<P m to be carried by the iron of the magnet is approximately known, 
wo are enabled from the above considerations to determine approx- 
imately the area which the tield-magnet must .present for the flow 
of lines. For magnets of forged ingot iron or cast steel the limits 
within which it is advisable to keep the density may be set mt 
B m ; 15,500, and B m ----- 17,900, a good intermediate value being 

/4 m -*47,000 ; while for cast iron the limits are 5,500 and 9,000, 
a usual figure being B m ----- 7,500. If pressed beyond these values, 
the horizontal divergence of the curves, even with materials of 
the same class, becomes so marked that any slight inferiority of the 
Metal may lead to difficulties owing to the impossibility of increasing 
the ampere-turns sufficiently <to obtain the desired voltage and 
speed. 4 small error in the •stiiivtte of the densities will, in fact, 
produce a disproportionately ^reat ‘erfor in the result. 

- 434 * 
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| & Gomptitoa ot cast iroo .with forged iron and cast stool— 

From the above average values for the density it follows that 
the weight of a cast-iron magnet as compared witn tflial of a forged- 
iron or cast-steel magnet to carry the same flux must Ik* roughly 
as 2 \ to 1 . Where/onsiderations of weight and bulk are paramount , 
it is therefore essential to build up # the ma v iiet out ot mgot-iron 
forgings or rolled bars or to cast it in steel. The forgings in their 
rough state as they come frpnt the steam-hammer may be cheaper 
than castings v f good soft iron but whon*machined to the required 
dimensions their cost is so far increased that they, become more 
expensive |K*r hundredweight shun cast iron ; yet this increased 
price is more than counterbalanced by file lessor total weight that 
is required. In the same way, steej castings are considerably more 
expensive than iron, but not more than twice as covlv, so Oia^ tor 
the same magnetic work, when their lesser weight in dandling, 
lesser freight, etc., are taken into account, the balance of advantage 
is again in favour of their use rather than of cast iron. 

On the other hand, tastings of con\plcx shape can be produced 
easily and cheaply in iron, and of such accuracy of dimension that 
they require but little further machining. In large machines an 
additional set -oft which •sometimes counterbalances the higher 
cost of cast iron is found in the shape of its flux density curve as 
comparcd^vith that of forged iron or tasl -steel. A reference to 
Fig. 205 shows that the curve for cast iron over the wmkmg range 
rises in a gentle sweep, while that for foigings or cask **tcel has a 
marked point of flexute and then iises very slowly. Hence in the 
case of a dvnamo wliich has to work over a very long range of 
voltage, if forged iron or steel are employed for the material of the 
fteld-magnct, and these are worked on the steej) part ol the curve 
for the lower limit of voltage, the. machii^* may prove magnet i< ally 
unstable (Chapter XVI 1, tj 11) ; or if the working jwiint be carried 
further up, an* undue and unexpected increase in tlft- exc iting turns 
may be required to give the higher voltage, should t lie material 
prove slightly inferior to the curve. Hut with cast -iron both the • 
iowtr and upper limits of voltage/ an be reached with more certainty, 
and the designer is less at*the mercy vT the quality of the material. 

• $ 3. Composite magnets. — It is evident that a composite magnet 
may be made up out of two or more materials, by which their several 
advantages may be more or less completely combined, ;yid such 
is, in fact % usually the 4 *a c *. The* poles or magnet-cores carrying 
the exciting coils are almost always either made from rolled bars 
of ingot iron or cast fugs of steel, or built up of thin laminated 
sheet -steel stampings. The yoke-ring of the ordinary multipqjpr 
type of Fig. 6 is tlfen either of cas^ steel or cast iron. In thulatter 
case the reason for the employment of cast iron may be either the 
necessity for partially tiomlfinmg the advantages of stability of the 
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voltage and accurate compounding over a long range (as above 
mentioned) with economy of excitation by means of the joint use 
of two material*, or the fact that it is desired to cast the supporting 
framework or bedplate of the dynamo in one with the magnetic 
circuit. In sinalh belt-driven dynamos (up to an output of about 
5 kilowatts), in which the cosfof machining bears the largest ratio 
to the total cost of manufacture, it may frequently bo advantageous 
tor the bedplate and phunnicr-block pedestals, which form a large 
item in the total cost, to be a single £asting*intcgral with the lower 
half of the yoke-ring ; as so much of the casting is not required to 
be magnetic, cast, iroq then becomes the most suitable material. 
But still more often ip the case of the large stators of alternators 
the greater depth of the cast-iron frame is an advantage as adding 
t'o its mechanical strength to resist deflection. 

Since the permeability of any casting i> much reduced if it be 
hard, it is important, in designing the shape of a casting that will 
form part of the magnetic circuit, to avoid any thin flange or narrow, 
outstanding edge ; such a pipce of small area is likely to be chilled 
during casting, and so to become hard and magnetically inferior. 
For both mechanical and magnetic reasons, all corners and pro- 
jections should be well rounded or, if need be, cast massive, and 
subsequently machined to the required dimensions. 

Die design, in shoit, should be such that there is no ^propor- 
tionate difference in aiea between different portions of the same 
casting, whether of iron or steel ; otherwise as it cools unequal 
contraction takes place, and hollow cavities or sponginess in the 
casting are diflinilt to avoid. For this reason, in large multipolar 
machines, even if entirely of cast steel, it is on the whole better for 
the massive poles to be cast separately fiom r the yoke-ring. 

| 4. Comparison of sectional shapes lor magnet cores.— The 
same economical considerations which determine approximately 
the sectional area of iron required to cany a given flux, namely, 
the first cost of the copper coils and the allowable expenditure of 
energy in magnetizing them, also bear upon the geometrical shape 
or figure by which the required area is obtained — only, however, 
in that portion of the magnetic circuit ahereon the magnetizing 
coils are actually wound. % 

Since for a given area the circle has the least perimeter, the 
theoretically best section which* can be given to the magnet cores 
whereon the field-winding is placed is the^ circle ; the length and 
resistance of the wire for a given number of turr^s embracing a 
given sectional area l^ave then their minima values. For this reason, 
ir^the multipolar coqtinuous-cufrent dynamo as Fig. 6, or jn 
multipolar alternators similar to Fig. 71, the magnet cores, m, tn are 
often of circular section. Sucl^a circular core will require to have 
a rectangular pole-shoe at the one erd in order to present a proper 
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area 01 poiar surface where the .lines pass tliroigh the air-gap, and 
so to minimize the reluctance of the inter ferric space between the 
iron of the pole and the armature core. Instead, •therefore, of a 
circular section an oval or trapezoidal section of magnet core may 
be arranged so as Jo approximate to t lie required jx>lar area at the 
air-gap, or again it may be nuve economical Mo give the magnet 
cores a rectangular shape, to avoid an undue amount of overhang 
of the pole-shoe beyond thc # magnet core. 

Next to the rirde, the oval ' imposed of a square and two semi- 
circular ends and the square must be v yaked as the myst economical 
sections, their perimeters lteinj| resjHctiwly 1 t>8 and 1 13 times 
that of the aide containing the stme area, Finally, the larger 
the ratio between the length and brgadth of any rectangular liguie, 
the more uneconomical becomes the shape as rcg.-ids lengty oi 
wire in each turn encircling it. If the two sid«>> oi the rectangular 
be as 2 to 1, the perimeter Incomes 12 times that of the equivalent 
circle, while for a ratio of 3 to 1 it increases to 13. When wound, 
therefore, with the same number of tmyis and the same size of wire, 
the weight of copper employed will 1>e increased respectively 20 
and 30 per cent . above that of the circular magnet , and the iesistance 
being similarly increased* the rate of expenditure of electrical 
energy to produce the same excitation will likew^e be "increased 
by 20 and*30 per cent. If the same efheiemy is to be Manual in 
all cases, the area of the increased length of copper wile must also 
be increased, making in all, for a ratio of 3 to 1, an inyease in the 
amount of copper of nearly *70 per cent. A larger latio, therefore, 
is very uneconomical, and is seldom required in ordinary designs. 
Rectangular magnet-cores with sharp edges have a higher leakage 
jfbrmeance than equivalent round or oval poles. 

§ 5. Length of the magnet-core. -Simy the maintenance of the 
excited tick l during the working of the dynamo requites the con- 
tinuous expencltfu.e of energy at a certain rate inVatts, and this 
expenditure, being simply due to the passage of the magnetizing 
current through the electrical resistanc e of the wire, appears as heat • 
in the coils, radiation, convection, and conduction must be relied 
on to avoid such a rise of temperature in the # coils as will endanger 
tiie insulation of the field-winding ; hnj this is seemed by so dis- 
posing the coils that they present a considerable cooling surface to 
the air. As soon as the dynamo is set to work the tcmjwi^ture of 
the coils logins to rise .above that of the surrounding air; this 
gradual rise continues until, finally, the rate at. which the heat is 
generated in the coils *is balanced by the rate at which it is dissi- 
pated under the ^ombined action of radiation, convection, a^d 
conduction. After reaching this lijnit the temperature of the coils 
remains stationary so long as tlw conditions are unchanged. The 
effect of radiation, et£., b*ing dependent on the entire cooling 
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surface of the coils? it is evident that the rise of the temperature 
of the coils above that of the surrounding air may be kept within 
any required limit by allowing a due proportion of cooling surface 
for each watt expended in the coils. The effective cooling surface 
of a given coil wdund round an iron magnet will depend on a large 
number of conditions, difficult to*calcuiate, since the mass of iron 
itself to some extent helps to "dissipate the heat by conduction, 
and draughts of air set up by the revolving armature may increase 
the convection more in one machine than 'in anotlfer. Again, the 
depth of a winding of many layers will largely affect the tenq>erature 
of the turns forming the.niiddle layers. ‘ Roughly speaking, however, 
in machines of similar type the comparative cooling power of a coil 
may be taken as proportional to its external surface, reckoned as 
\ byproduct of its external jH?rimeter, multiplied by its axial length, 
plus the*urea of the end-surfaces at the top and bottom of the coil, 
the cooling influence of the iron inside the coil being regarded as 
bearing a fixed ratio to that of the exposed wire surface in normal 
cases. Thus if the over-all dimensions of one circular coil, as shown 
in l'ig. 266, are a diameter of 15* and an axial length of 6j*. with 21* 
depth of winding (mean length of a turn 39*2*), tin; external surface, 
namely, 

15 X 7T X 6-5 306 

2 X 2J X 39-2 - 196 

502 s(j. inches 

will be a measure of its cooling power,"aml is 'to bo reckoned in our 
present connection as its cooling surface. The basF for the estima- 
tion of the cooling surface having been thus decided, experience 
guides the designer to a certain ratio which the cooling surface ill 
analogous cast's must lnyir to the watts in order that the rise of 
temperature of the coil may not exceed a certain assigned limit. 
Of the values for this ratio more will be said if*('iuVpter XXI. If 
the rate in watts at which energy may be lost in the field winding 
is approximately determined by the efficiency required in the 
machine, the length of the magnet coils need (inly be such Us to 
provide a suitable amount of cooling* surface proportioned to 
the rate in watts at wl^iclf heat is dissipated in them. Mq^e 
generally, however, the settlement of the number of watts which 
may regarded as an allowable rate of dissipation in the field 
coils will be a matter of compromise between the efficiency of 
the machine and the first cost of the copper wire ; ynce the smaller 
the number of watts expended in die fielfl-coils, the greater the 
weight of copper wire required. Further, the total number* of 
ampere-turns required for the fjeld excitation is not exactly known 
until the length of the magnetic, circuit lias been determined ; 
experience, therefore, alone can 11 fuYnislf guidance for a first 
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approximation to the required length of coil, apd a method of trial 
*nd error must be resorted tb m order to determine exactly the , 
ampere-turns on the field, the loss of energy in inagnttumg the held, 
tie dimensions of the coils, and their weight of copper. W hen, how- 
ever the designer has assigned an adequate lengt*- to those jx>rt ions 
of the magnetic circuit whereon th# coils ai -. to lv placed, he will 
complete the magnetic circuit in as dir, ft a tine a> possible ; since 
any length beyond the minimum thus lequned uniinessai ilv adds 
to'the reluctarce, and is therefore unocojiomic.il in both tom and 

s g. Types ol fleld-magnots. v 0 "’ u< ,1 "' K'eat v,uu,v " 

which have been tried for the tield-mAgnet. system of dvnamos. 
practically only three 

liave survived, namely, 

the multipolar hu m of 
logs. 6, ‘2‘27, etc . loi 
cont inuous-cui i t* nt 
mac hint. with external 
yokc-miK i'n«l internal 
radial polos ; and for 

alternators, t ho reverse 
of the la*>t -mentioned, 
rither with i adial poles 
projecting from an 
internal yoke-rinj; 

(salient -pole type). * i 
with a smoot li-Mirfuce 
cylindrical rotor, as in 
t*u r 1) o-a Iter n a t o is 

(non-salient p«>l<‘ l-v. # lour H«- *iviun.< 



' Considering the magnet system of nmltiputai continuous- 
current machines, the yoke-ring is usually divided on the honzontal 
diameter to enable the upper half to be removed yeituallv for . 
examination or removal of the armature. 1 be lugs by which the 
two halves are bolfed together nitty either be on the outer periphery 
of the yoke-ring or. if the increased wi HI. lnr’an J* 

arranged on the side flanks of the ring, as in log. 22b On e.th, 

side of the lower half are usually Vast ,.ro)ectmg bra, kels or fnit 

* of sufficient width to give stability t,o the machine (lug. 200 or -7 • 
They are planed on the* under side, and by them the machm .s 
bolted to the fcse-plate ; a steady pin on either side registers the 
exact position, and thin distanU-pieces ot sheet metal may be 
inserted underneatli by means of which the height of the nvjfi** 

may be adjusted in relation to tip V ,na "' re - V cry ^ rge 

may be divided into four .quarters, and occasionally,* when the 



440 


CHAPTER XV 


machine stands between the cranks of a steam-eng.ne, the yoke- 
ring is divided on a vertical diameter, so that the two halves 
be drawn apart horizontally. For small machines the yoke may 
be of cast iron, since the section of metal required in cast steel 
makes the dept U of the ring somewhat thin in appearance, even 
if it be strong enough mechanically. Or if steel is preferred the 
yoke may be given a channel or.T-section, as in Figs. 227 and 228, 




in order to obtain sutheient strength against bending, although 
in general a slightly rounded section, as in Fig. 230, gives the most 
pleasing external appeanftice. The separate magnet co.es, usually 
solid of east steel or cut off from rolled bars 
of ingot iron, but occasionally laminated, are 
either fastened to the ring by screws or less 
often are cast into the yoke. The facings on 
which the poles* are seated in the first case are 
usually fof cheapness of manufacture bored out, 
the pifle tops being themselves rounded to an 
equal radiur, (cp. Fig. 200), bfit may also be 
planed fiat. The proportion of magnetic leak- 
age in this type is but small, and it is economical in bodi iron and 
copper, especially if the section ©f the pole^on which the bobbins 
are placed is circular. The shape of the yoke-ring may be a 
polygon with a number of sides depending on the number of 
poles *(cp. Fig. 226), but is motr usually made circular even with 
four poles. (Fig. 200). 


Fig. 


228. Section 
of yoke. 
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| 7. Or>mnnh>ttni pole*.— In, order to obtain fixity of brush 
position in continuous-current machines under varying loads and 
sparkless running in difficult cases, such as high-^peed dynamos 
drived by steam turbines, or machines to give a very wide range 
of voltage, auxiliary commutating or reirrsing path, or as they are 
also called “ interpoles,” are an •indispensable ’addition. Even in 
ordinary casts, when the speed is*not very nigh, or the machine 
large, they enable windings which would otherwise f>e of doubtful 



Scald of Feet • 

* 0 1 2 3 4 5 

ty iimmr-T;Tr t ~ 'tr r — ^ 

Fig. 22 c *.--*2ft)-kilo\vaU dynamo with commutating i>o!es. 

succt^s to be more readily employed, and a n«-« saving in cost ( an 
be effected ; thus tlie use*of wave instead of Jap windings can be 
emended to larger outputs, and the advantages are thereby gained 
of an armature, cheaper to manufacture with a more open and 
mechanical winding as well as of a commutator with oi>eg logs, 
“small diameter and peripheral speed, while the freedom of wave- 
windings from Jocal currents due^ to unequal pole-strengths or 
incorrect centring renders them better adapted to shoit air-gaps. 
The use °f commutating poles is therefore now common through™^ 
almost the whole range of contipuous-current machines, both 
large and small, owing to the iipi*o*ement in commutation which 
they give. 
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Such poles project from the yoke-ring of the field-magnet in 
the middle of each interpolar gap, so that their pole-faces are pre- 
sented to the arinature core on the inter polar line of symmetry 
(Figs. 229 and 230), and the brushes are so set that the coils when 
short-circuited afe brought under the influence of the field between 
commutating pole and armlitur*. They are introduced here as 
forming part of the rhagiu-t system, and to anticipate their fuller 



Fits. 230. Six-polo magnet and plumnu»r-bl<K ks of fontinuons 
current dynamo having commutating poles. 


discussion in (haps^XlX and XX -th^ir function is to supply the 
right strength of reversing 'field so as to cause the current ip a 
short-circuited coil to pass smoothly from its yalue in the one 
direction to the same value in the opposite direction during the 
commutation period under all conditions of load from zero up to 
the required maximum overload. They are excited by magnetizing 
coils which are in series with the armature winding and carry the full 
%jri nature current so that their effect may be proportional thereto ; 
or in some cases the current out of each brush arm of the multipolar 
machine is taken directly r?und % an adjacent commutating pole 
before it joins the combined stream. ' 

^ % 
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The nature of the flux distribution is indicated diagramniatically 
in Fig. 231. This shows the application of commutating poles 
to the* two-pole machine, but the same holds in principle for the 
multijK)lar machine. It will be seen that the conynutating pole is 
essentially a strip f>om the leading ec\ge of the adjacent pole trans- 
ferred backwards against the direct of rotation into the centre of 
the inter j>olar gap, this detached jKirtion being furnished with a 
separate exciting coil. 1 • • t • 

The design and excitation ofMmimutatmg jniles will be further 
considered in ( haps. XIX, §J3. and XX, §§ 41-45, but it may here 
}x* added that it is not necessiir^ that th# axial length of the com- 
mutating pole-faces should lx* etjual to that of the aimatuie tort. 



It may often with Advantage be shorter, and an extreme case of 
this which is occasionally advisable i^ the u** of only half as many 
commutating poles as there are main poles, every other interior 
fi ap being alone furnished with a.iomimitatmg |x>le (* J> I 'K -'*»)■ 
§ 8. Types o! internal fteld-magnetj with salient or non-salient 

poles. The change of the ai mature rout from its position as the 

internal rotating member to its position as external stationary 
.member in alternators does not involve any radically new future : 
its chief effect is that witfr parallel-sided slots the maximum flux- 
density now occurs at the tips of the teeth instead of at the roots, 
and excessive tooth-saturation isjiot to he feared. Neither docs 
theVhange of the field-magnet system from external stator to internal 
rotor involve anv great change of principle, provided that the number 
of pole-pairs is fairly large. But fthft the number of Hf» « only 
i Cp. Dr. R. Pohl, Electr.Jiw •. W 
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4 or 2, as in modern steam turbo-alternators, the 41 salient-pole " 
type of magnet yields place to the 44 non-salient-pole " type with 
cylindrical rotor, having its exciting winding distributed in slots 
on the periphery, so that when finished a perfectly smooth surface 
is obtained. 

For comparatively small loads of 100 to 750 k\V. at such speeds 
that 4 or more poles are required, the 44 salient-pole 44 construction 
may ft ill hold its own, but for small .loads even so low as 100 kW 
if only 2 poles are required, there is great difficulty in finding room 
for a shaft of sufficiently large diameter, and the 44 smooth-cylinder " 
rotor becomes preferable since the field winding is disposed more 
nearly on the jnuiphery, and a solid rotor in one with the shaft and 
of greater stiffness can be used. As soon as loads of 1,000 or more 
k\V. per pole are reached the cylindrical rotor shows its superiority 
even with 4 and 6 poles. 

An intermediate t V| h; which marks the transition between the 
salient and cylindrical types of bigs. 232 and 234 is found in the 
so'id rotor with paral’el slots which has hern employed chiefly by 
the American Westinghouse Company. 

In its 4-pole form a solid ingot-steel rotor has four salient poles, 
right round the edges of which are nulled a few slots to receive a 
winding of thin flat copper strap (Fig. 233) ; the shaft may be forged 
in one with the core, or the core is composed of two forgings, each 
carrying one length of shaft and the two being bolted together. 
Although advantageous in the way of ventilation owing to the 
wedge-shaped spaces between the poles, this 4-pole type suffers 
to some extent from the limitations of the salient-pole type in that 
the possible sectional area of pole and of winding copper is very 
restricted. When the same parallel slot type is applied to the 
2-pole machine, the solid steel core can be made cylindrical, and a 
number of deep parallel slots are milled along its sides and also 
across its ends ; in these are wound under tciisionjhc thin copper 
straps, two or more at a time, the cylinder being mounted on a 
turntable during the operation. To carry the wound core and at 
the same time to clear the end-windings, it tlvn becomes necessary 
to bolt to either ond a separate 44 head " or driving flange, which 
must be of bronze to a\oia short-circuiting the magnetic flux,*and 
to this again is bolted the required length of shaft. In buth the 
4- and 2-pole forms the exciting coils are entirely embedded in metal 
and wt'U supported throughout tlfein length, and the limiting 
conditions are the maximum stresses in the core, which occur chiefly 
in the overhanging strips of metal and tire tips at the edges of the 
vzonc of winding. 1 t 

1 Sec Miles Walker, The Specification and Design of Dynamo- Electric 
Mac hinety , pp. 366 ami 373, and especially R (V La nunc " fhgh -Speed Turbo- 
alternators, Trans. Amrr. I T , Vol. 32, Pt. I, p. 1. 
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| 9. Mechanical strength oft* feu-magnet frames, -Between the 
armature core and the polar surfaces of the niagnqt %very consider- 
able attractive force acts ; thus apart from the torque exerted cm 
the stationary part of the dynamo by the routing part when 
current flows through the armature* the magnet requires to be 
rigidly and firmly supported, so as*tu prestew The requisite clearance 
and avoid any liability of the poles to collapse 1 upon A he armature. 
The attractive force bet wee xr opposite square centimetres o9a pair 
of divided surfaces is proportidhM to the square of the number of 
lines that pass through froiy one scj. hn. to the other, i.e. to the 
square of the density in the gap it, ; and l*>r a Yield of lines uniformly 
distributed over an area of A square centimetres tin* total pull 1 

in dvnes between the two surfaces i* * « 

* • 

V 

) .1 kilogi amines \< iv closely 
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or in (rounds 
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ac ting along the directi<m*of the lings, and te nding to a shorten 
their length. If .1 he in square inches P g being i turned in lines 
]H*r sq. cm* 

’’ ,.S ! 5-75x10^ yv. i ”ll, 

• • 

If A ]0 be given tin* value in square inches of the area of one* 
pole-face, tin? corresponding pull e xists between each jKile-pitch 
oi\thc armature surface* and the opposite ]>< »b- -face, and has to he* 
withstood by the mechanical rigidit\ of the* magnet as a whole. 
A distinction is, however, tec be drawn be tween Mich tyjx's of field- 
magnets as hav a geometi ical shnpe which is symmetrical about 
the armature/* e g. Tigs. 228 and 227, and those* which arc- not 
geometrically symmetrical. In the former when the armature is 
exactly central within the bore, the total radial pull mund the whole 
circumference * • 

P 0 2 A "2/> 


P . 2 /> 


1 735 >; 10* 


Ih. 


(98a) 


• i 

is symmetrically distributed, and leaves no unbalanced pulUn any 
*one direction. Such a o^uktion is to be regarded as the normal 

1 As given by f.lcrk Maxwell ; for -'She establishment of the expression, 
C p. Alexander Gray and J. Pcrtsch, jf tans. Amer. J h i:., Vol. 37, Part II. 
n. H17. It is strictly applicable only whe n the gap.is at nght angles to Uy 
direction of the lines at flux ; and when the opposing surfaces are large as 
compared with the distance between them, so that the induc tion in the gap 
is appreciably uniform and there is ncy^e Vakagc (cp. Du Hois, The Magnetic 
Circuit, Chap. VI, § 102) ; it is, howe«*r. sufficiently accurate for the ordinary 
purposes of dynamo calcula^ons, *» 
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state, but in many cases it is nohepsily secured and maintained ; 
the consequences of departure from it will be further considered 
in §§ 13 and 14 under the head of a closely connected subject, namely, 
the symmetrical distribution of the held. 

But in field-magnets which are initially unsymmetrical with 
respect to the armature, lys e.g. the two-pole horseshoe with magnet 
below or above the armature, there is a tendency for the lines to 
crowd, jnto the lower or upper half of, the armature, since the path 
which they then follow is shorter ?nd of less reluctance than that 
of the lines which pass on into the upper or lower half of the arma- 
ture. Thus in the former case: even if placed symmetrically within 
the bore, the armature when the field is excited exerts a pressure 
on jts bearings greater than that due to its mere weight ; and if 
the inequality between the upper and lower halves of the fields be 
considerable, the downward pressure may reach such a value as 
to bend the shaft and perhaps cause serious heating of the journals. 
Especially is t his likely to occur in a short-air-space dynamo, wherein 
any displacement will t bear-a large proportion to the total air-gap ; 
for the slight bending of the shaft downwards due to the weight of 
the armature and any wear in the brasses of tin* bearings intensify 
the effect, by combining to, shorten the length of the air-gaps in 
the lower quarters and to increase that of the upper quarters. On 
the other hand, if the magnet be above the armature, thoranbalanced 
pull will be upwards, and will tend to lift the armature, so taking 
its weight off the bearings. 

Generally shaking, the symmetrical types of field-magnet are 
to bo preferred, but whether symmetrical or unsynvnetrical, it is 
evident that in all cases a stationary magnet system must be 
securely bolted down, and its whole structure must be sufficiently 
rigid to withstand any mechanical stresses or vibration due to the 
working of the machine. All jointed surfaces must be securely 
bolted or screwed together, and the effect of a j*>ir;t <aji the magnetic 
reluctance of an entire circuit may here be shortly mentioned. 

§ 10. Influence of joints in the magnetic circuit.— If a bar of 
iron be divided transversely in two, and the, two pieces be then 
placed in contact apd magnetized, it is found that the total reluc- 
tance of the iron is slightly 'increased owing to the influence of the 
joint, and this increase in the c xeluctance may be expressed as that 
of an tab-gap equal in area to the cross-section of the iron, and 
having a certain width depending on the exact conditions of the 
experiment. If the two surfaces of contact are such as are produced 
by ordinary planing or other machine-tools, and the joint may be 
regarded therefore as, comparatively speakiqg, rough, the width 
of the equivalent air-gap is equal to about 0*005 cm., which is only 
reduced to 0*004 cm. when frh^'fcvo pieces are squeezed together 
under a very considerable pr^sur^. v If, However, the two surfaces 
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are carefully scraped up, so that they tire true planes, the equivalent 
width may be taken as 0-0035 cm. when the joint ij npt compressed, 
although under the influence of considerable* compression the effect 
of the joint may be made almost entirely 10 diNiqjpear. it would 
seem that the increased reluctance dye to a pint is in either case 
due partly to the interposition iff a thin blip of air between the 
surfaces, and partly to an alteration in the molecylai structure 
of the iron at the joint, which decreases its permeability. 1 It 
will be seen, liovfever, that the dtifet even of a comparatively rough 
joint, although appreciable^ is not iff great magnitude, and is 
especially unimportant in the fase of 4hd 'magnetic circuits of 
dynamos, which necessarily have air-gaps beside which the equiva- 
lent air-gaps of joints may be regarded as negligible Abscnci*oi g 

* fewness of joints in a magnetic circuit must t luicbui* be iggaidh! 

as a minor consideration from an electrical point « d view, and is 
only of importance as bearing on the mechanical strength oi the 
design, and as lessening or increasing the first cost of the machine 
to the manufacturer. * • * 

§ 11. Proportioning of areas at different parts of magnetic circuit, 
and in different # materials. The question of joints when* 
different |x.*rtioiis of a magnet, possibly <»ne of ste<. 1 and tlj<* oilier 
of cast iron, are united, leads naturally to the thud question - 
of the suitable proportioning of the sectional areas at ditfeient 
parts of the magnetic circuit. It is highly impoitant that the lines 

* of flux should never lie *' throttled/* as it is tinned, by having to 
traverse in the course* of their # juth a portion which ^ of insufficient 
area ; any suth “ throttling " implies a high density, and therefore 
a large number of an*pere-turns for each inch in length of the 
contracted portion. If the disproportion between the areas at 
different parts of the magnetic path be caniM to excess, the anqxTe- 
turns required t° pass the lines through the area of # the nai lowest 
part may form.solafgc a proportion of the whole* number as almost 
to nullify the advantage of the larger section at other parts. In 
magnets composed throughout of iron of the same quality tl re a,( ’ a 
of section should be approximately identical at all parts of the circuit 
which carry nearly the same total numj>ei of lines ; and, generally, 
in any portion of a circuit of the same magr/ttic quaht y the minimum 
number of ampere-turns is obtained. if it be worked at a uniform 
(density. Hence in designing, the distribution of the line* must 

be carefully studied. * , 

When the lin<* pass from one nrtcnal into another, as from 
forged iron or steel into cast iron, w vice versa as may be the case 
in Pies. 6, 226, the a*eas of the two parts should be so proportioned 
that both are worked at a suitable density ; hence it follows from 

i Vide Ewing, Magnetic Iron and other Metal* § 16V: and Du 

Bois, The Magnetic Circuit, Qiap. IX, §§ 1^-152. 
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$ 1 that the area of the cast iron should be more than double that 
of the forget f iron or steel portion. Further, the nature of the joint 
should be such as to give ample area of contact, and afford an easy 
passage from thp one metal into the other ; e .g. in the dynamo 
of Fig. 227 the east-steel cop:*s may be drawn* tightly up against 
machined facings on the yoke hy means of screws, or magnet-cores 
of cast steel or of thin sheet steel laminations may have a cast-iron 
yoke cyist round them, suitable precautions being taken that the 
cast metal is not chilled as it flows cound the cores, and that intimate 
adhesion of the two is secured. 

In applying the above, rules ii must be borne in mind that 
" throttling " is a relative term, and under certain cii< umstances a 
high density and somewhat contracted area of certain paits may be 
legitimate ; (Spec ially is this tin* case with the magnet -cores which 
are actually encircled by the rnagneti/ing coils. On the other hand, 
jK>ition> of the magnetic circuit which are not overwound with 
copper, especially if of cast iron, which is comparatively inexpensive, 
may often be advantageously given somewhat lavish probations 
and worked with a low density. Thus, in Fig. 22b in which the 
lines divide after passing through each core, half only passing in 
either direction through tin* yoke round to the next pile, the single 
cross section of a cast-steel yoke may be more than ecpial to half 
the area of the steel magnet -con*, so that the flux density in the 
yoke is reduced to 14,000. When tin* material of the yoke 

is cast iron, and in this puit gives strength and solidity to the whole 
structure, it may be economical to enlarge its area to considerably 
more* titan equality with the area of tin* steel pole*, su as to further 
lessen the density and with it the ampeie-ti^rns on the held. 

§ 12. Magnetic leakage. In all calculations for the pm pose <>f 
determining the proper* area for any |H>rtion of the .magnet, the 
question of leakage lines must not be left out of sight when estimating 
the density. As was pointed out in C hapter H, l § 1*3, lines of flux 
will pass between any two points or surfaces between which there 
exists a difference of magnetic potential, and consequently in all 
dynamos there is a considerable number of lives that leak across 
from one pole to another without passing through the armature 
core, where alone their presence would be of use. Thus, in the 
multipolar dynamos of Figs. 226 and 227, lines wilVleak across from 
one p«de-piece to the adjacent pole-pieces on either side, between 
the magnet cores, and even fforn the Upper part of a tfore into the 
yoke ; a few of these paths ase traced out in Figs. 236 and 237. 
The presence of such leakage line* in \he air is shown in a disagreeable 
iwanner by the magnetic effects which they produce in watches, 
electro-magnetic measuring instruments, or any piece of iron held 
in the vicinity of an excited dyrfamo. 

If the magnet is to be worked witli uniform density throughout 
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its length its area of cross-section should, strictly speaking be 
continually varied as lines leak into or out of it. Since, however, 
the chjef fall of magnetic potential occur?* over 1 1 u * two ait-g*xj>s 
and the armature between them, it will be approximately sufficient 
(cp. Chapter IT, § 14% and Chapter WI # §5) to n ^ard all the leakage 
lines, <f> ( , as flowing between p£l<; piecos ot opposite sign, and 
then to add them to the lines through the annatiuy in order to 
estimate the total nunib'ti ofJines which pass through the n*ign*t. 
The densitv, therefore, in the !M»gnet wifi be reckoned as equal 
to the sum of <f> t and<I> A . i r.<I\ n divided by tin area oHhe magnet ; 
and, if the density is to t>o apprttomatelj* tite same in the iron of 
the magnet and in that of the armatuie one, the area of the 
former must be larger than that of <he armatuie. 



Since it is the ,11111 of tin- designer to icdur e <f>, to i small pi <*|>< -1 1 u.n 
of the total n’unftei* of lines <D m passing through the magnet, he 
will avoid bringing any large mass of iron into close pi.mmity to 
the trole-picces. In csjrcoial the magnetic leakage will lie hugely 
affected l»v the nerrness or otherwise of the 1 ed-plate, hearings, 
or the fiv-wheel of the machine, since tins • byrfhen comparatively 
high permeability lessen the total rchn«anrc jiresented by any 
leakage path. All sharp edges c'tfiduce to magnetic lea age, 
especially from the poles, and are tx-t avoided where ,.rat heal. e. 

With commutating pole* l* aka K c .<««* « ,lafc on T V 
commutating pdte into a neighbouring main pile of opp.sttc sign 
under a M.M.F. rising gradually U> equality with the sum of the, 
MMF’sol one mai« exciting coil and one. commutating held-coiV 
and also into the yoke at the root erf the commutating pok under 
a portion of Us own M.M.F. the greater sur ap of t he 

commutating-pole in portion Co ifs^cct vm and the. hrgh M.M.l . s, 




Applications," by 
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this leakage p&ys a much moje, important part than in the main 
poles, and if not properly calculated will lead to the iron of the 
auxiliary pole being made too small ; it will theif become very 
highly* saturated, and proportionality of the reversing field to the 
current will be entirely lost. 

With as many commutating [Wes sfs there ;»fe main poles it will 
be found from Fig. 231 that fox the same Useful main flux the 
average density in the mainjxfles is practically unaffected the 
addition of the* commutating >*Jes. In the armature the small 
portion of the path between a commuiating pole and an adjacent 


main pole of opposite sign can ie 


•d>. -1 <f,, 

S 


lines, where <j> r is the flux 


of the reversing field, and the remainder of the path to a main pole t 
of the same sign only carries - ^ — lines. Similarly, in the yoke- 
ring, if <I> r is the total flux of the commutating jx»le including leakage, 
this number of lines is added to the flux carried l>v the sections of 
the yoke (B,1V), and deducted from the Elions (A. A'), which 
complete the circuits from one main polo to another, so that the 
* . <I> m ! <I> r 

two densities are proportional to ( * and 0 If, there- 


fore, the section of the armature core, and similaily that of tiie yoke, 
is sufficiently largo so that they are far from salination, in each 
• portion the two changes largely counterbalance one another, and 
the percentage cffecMm total excilalwn required for a given 
main flux is jynall ; this is in practice usually arranged to be the 
case, but as will t>e seenjater (Chapter XIX, § 13), it is a requirement 
thUt needs attention in the course of design. 

$ 13. Synfmetrical distribution of the tflelds in the air-gap. 
Given a symmetrical type of held magnet lo start with, any diffet- 
ence in the dejisriicA of the fields in the air-gaps wifi yield an un- 
balanced pull on the. armature which may easily reach such an 
amount as to bend the shaft. This will result to a greater or lessor 
degree in such machines as those of bigs 22C .ind 227 when the 
bearings of the armature Vhaft wear and allqw the core to sink 
slightly out of its true central position vf it i jn the bore. 1 he present 
requirement that the flux should lx; symmetrically distributed in 
the air-gaps must not, however, l>e interpreted to imply that the 
two halves pf each field /nfist be similarly distributed ; in fact 
when the dynanra is at work on load, (as will be explained in Chapter 
XIX), this condition is* never sccyred, for in the " trailing " half 
of oach pole-pitch, the flux will be denser than in the '* leading 
half, these terms having reference tg the direction of rotation'and 
the want of uniformity in the Jlax-distribution arising from the 
reaction of the armature cuiYcrtt-tupis ppon the field. Wliat is 

t 1 
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implied is that if the flux is crowded more denseiy towards the 
trailing edge of one pole-face, every pole must be similarly affected, 
If a dividing plane be taken on any diameter, the distribution of 
the fields on the one side will then be the same as on the other side 
of it. The importance of this arises in the first place from mechan- 
ical reasons and secondly from tint electrical effects due to inequality 
in the pole-strengths which have already been mentioned in Chapter 
XII. Assuming that there is no initial defect in the magnetic quality 
or setting of the piles, in a bipolar field displacement of the 
armature along the centre fine or axis of the piles will produce but 
little effect, as compared with displacement along the neutral line 
dividing the int<*rp>lar gap between the two piles. But in a multi- 
pilar field, although displacement along the neutral line has the 
greatest effect, yet any displacement along the centre line of a pile 
will produce considerable resultant force, the two effects becoming 
more nearly equal the greater the number of piles. The magnitude 
of the unbalanced pull then remains to be estimated in the following 
section. 

| 14. Unbalanced pull from displacement of armature in a 
multipolar field. — If d l>e the displacement of the armature from a 
central position in a vertical direction due to wear of the bearings 
or to incorrect mounting, and a be the angle which any radius line 
makes witli the vertical, then if the magnet yoke-ring retains its 
true circular shape and suffers no deformation, the addition to or 
subtraction from the length of the air-gap l g at the extremity of 
this radius is practic ally --- 6 . cos a. ’ L 

File guiding principle for the distribution of the fjuxes between 
the several magnetic circuits under displacement is then that in 
each section of the yoke and armature core or of stator and roior 
cores in which the flux bifurcates the loss of magnetic potential 
remains alike and the densities therein are similar. Tliis is required 
in order that the flux may reach the maximum possible for the given 
number of ampere-turns of excitation, and it is in nature secured 
by a shifting of the bifurcation points until in each magnetic circuit 
through yoke and core the fluxes are alike. In the normal case 
without displacement the flux divides along the centre line of a 
magnet pile, and if thisjwa^ retained under a downward displace- 
ment, the highest section of the yoke and armature core would 
carry Jess flux than the corresponding lowest section. But if the 

1 Through the centre of the displaced rotor Uraw any straight line inclined 
to the vertical at the angle a. Froty the true centre of tl»j bore of the stator 
of radius R p , drop a, perpendicular on to the straight line, which is thereby 
divided into two equal halves, x 4- 9 4- <5 cos a « x' -f r - d cos a, where 
* and x ' are the intercepts between the circle of the bpre of the stator and the 
displaced circle of the rotor of radius r at the two ends of the straight line. 
Subtracting, 2d cos a « x - - x f « tljo difference between the air-gaps. The 
only inaccuracy is that r and x' are dot strictly tadial to the circle of the 
stator bore as well as to the rotor* as tfic true air-gap lengths should be. 
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bifurcation of the flux instead oof occurring opposite the centre of 
a pole is in every pole 1 shifted round nearer to\v;pr(^ the shortest 
air-gaj\ the flux in the uppermost section of yoke and armature core 
is increased and that in the lowest section is decreased until equality 
again holds. But this alteration of th$ distribution has not altered 
the magnitudes of the fluxes in eaah of the ^pole-cores, gaps and 
armature teeth which form a series reluctance, save in so far that 
the total flux is thereby 'aiaintained at its piaximum. 

If, therefore, m each circuit 2 JrAm AT, is deducted .17 „ \ AT y , 
the remainder AT f AT e -AT^ AT t \ Al g \ AT m is left 
for expenditure over the teeth, air-gap .aid* magnet coic of each 
and every pole. 

What is requited, therefore, is a* set of paitial magnetisation * 
curves for each of halt the number of poles, such cuives siynmihg 
up the ampere-turns required over the senes reluctance of teeth, 
air-gap and pole-core for different values of <I> rt in one pole-pitch, 
due allowance being also made for leakage in the magnet cores. 
Assuming then the uniform value of . 1 T" { . \ A T v for each magnetic 
circuit (which must be afterwards i becked), the ordinate to the 
partial magneliz it ion curves for any value of AT f Al' c A I v , 
gives as many values foi <l> a as there are pole-pairs, andbv traversing 
horizontally across to the air-line of each pole (big. 238) the corre- 
sponding v;dues of A T. u . The air-gap density at any point x under 
a pole is then given as 


n r 


.1-257 A T 0 , 

1 0 T. cos a 

This granted, it follows that unless Ihe displacement be very 
large as compared with*the air-gap, the final value of A T C | A T w 
will diverge but little from its normal valiy.*, and we may at once 
use the lattet to give AT,- AT r AT V to be expende<l over the 
radial path of (ftcji pole. * 

Only half thiT number of |>oles need he so treated, since with 
a symmetrical field they will be representative of the other half, 
and the unbalanced jmll thence deduced by resolution of the radial 
pull up or down the vertical line of displacement will only need to 
be multiplied by 2 to obtain the total* Jhus Tig. 2d8 shows the 
pair of partial magnetization curves for a 4-pole machine with 
interpolar gaps on the vertical, in which as an extreme casg with 
l 9 — 0-34*. b has been taken* as high* as 50 per cent, or 017"'. 
The air-gap permeance for any pole is then 
f A,' da 

• . ’J l > | 1 T (<* K) "( • 

integrated between the limits of the*two edges reckoned from the 

• J » 

1 When the displacement is alo*& an interpolar line of symmetry. 

* The symbols and results Chap XVI Jyid XVIII are here anticipated. 
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vertical, where R 9 is the radius to pole-face, and L, — its length 
along the axi? of the armature. Since L, . R 9 x the polar angle 
<f> in circular measure = the area, A, of one pole-face in cm., 
and <f> ~ prrjp, the permeance of any pole-face is thus 

P A 1* da 
P^gJ 1 f (d;l t ) cos a 



The length of air-gap when plotted in relation Co a reckoned from* the 
vertical rives a curve concave wbto viewed from the horizontal axis for the 
upper pole and a curve convex whetf wewed from the horizontal axis for the 
lower poll ; the average value for l g i*thtrefor6 rather lower than the value 
of l 9 at the centre of the pol<? in t*te former case, and higher in the latter case. 
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Let 


-Vh-SS-i 

. - («/V 

V r +"©; 


and r « 2 tan 


tan 

;> : 


Then 

and 


/ 


da 

{W t ) cos a} 


V> W',)* 


da 

(1 f- (d,/ tf ) aw a 


fur a lower pole. 


fur an upi>or pole. 


V> - W,)' 

The ratio of the true permeance to the normal permeance A H, is therefore 
in the four-pole case with (i 0-7, 


0-7rt 


and 


1 ’* 1 11 s for the lower jK>le, 

V> - W . 


0-7* Vi - W',) 

In our case for the assumed value of d jl, 0-5 


for the upper pole. 


/ 1 -T (d/g ^ 

V i - (<5/g 


1*7321 


V 1 + (H) 


0 5774 


V x r - : ( d //,) 1 « 0*866 

For the two limits respectively, tan n/2 « tan 38-25* or tan 6-75°, 
or 0-1184. 1 fence for the lower pole. 

1-7321 x 0-7883 


0-5774 x 0-7883 


0*7883 


= 1*365; 

tan* 

‘ 1 36.5 « 53-76 3 ; 


107*52° « 1-88 

: 0-2055 ; 

tan* 

1 0*2055 « 11 61° ; 

i 

* 'n» M 

23-22° - 0-406 




*Vi 

- *',n ” H74 

pole 

, 0*455 ; , 

tan' 

» 0 455 ^ 24-46° ; 

*’?• l 

48-92° 0-855 

s 0-0685 ; 

tan 

1 0*0685 - 3-91°; 


7-82° « 0-1365 


2.4 


From the relation 

0.- 1.257 *4 ; 7rx2 . Mx(KI 4 
2 A 


0 7185 


1-474 

X , for the lower pole 
0-866 

0 7 - ] S? for the upper pole 
0-866 1 4 1 


• “ 1257 AT > J>-7* X 2-54 X 0-.-M x 
arc obtained the two dotted air gap lines of log. 2.iH, and by calculation 
for several values of <D a the full-line curves at,, completed. 1 

Carrying out, therefore, the abovo process for half the number 
of poles, for any given excitation AT f - AT e ~ /\T V , the ad gap 
AT, for cad* pole is found,* and thence can be plotted a curve 

l The value for it has heje been thrown into the quantity /,, but strictly 
speaking it would require to be worked out for the different actual lengths of 
air irap when the displacement is great , , . 

* With a rotor having a distri.buted winding or in an induction motor, 
the magnetic difference of potential across the air-gap increasing or decreasing 
in steps as the exciting slots are passed \}ot£d need to be taken in each pole- 
pitch mstead of the constant* A T, winch holds for the pole-faces of wound 
salient poles. - 

16 — (5065) 
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for the flux-density along the fa^es of the several poles in relation 
to angles measured from the vertical, as N, S in Fig. 238 for the 
lower and upper jade of the 4-pole machine. 1 This curve is a 
broken one, w f |th as many portions as there are poles ; the fringe 
of lines at the pole-edges js neglected, sinco the formula for the 
magnetic pull previpjw/ses tVal the flux is radially directed and 



Fu; 23R- * Air-gap density and magnetic pull m 4 -pole dynamo 
with armature out * >f centime. 


confined between the a r ea of the pole-face and the corresponding 
area of the armature surface. The total vertical pull due to any 
one foie is proportional to 

4 i 

Pg % T. f R p cos a,, da, * 

* where a t and cij are the angles which radii ij the pole-edges make 

b 

1 For simplicity the v*rying c vaitty«* of A T u and A T rjf are here assumed 
to be replaced by a bur average v^lue umfer a pole, as in the ordinary 
calculation of a magnetisation curve. 
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with the vertical. A second brdl&n curve must therefore be plotted 
graphically, which gives /?,* cos a in relation m Integrating 
the art4is of this cu ve for all the poles on one sid<* of the vertical, 
multiplying by R p .l f , and dividing by 11 . 183 ,^ 00 , we obtain 
half the total unbalanced vertical puM, 1\ acting downwards on 
the rotor or upwards on the lower Full ol the stator, P u is thus 
proportional to R p .L f {areas 1 j 2 -i 3 - . . .) or considering 
half the aiea> uy to p nf mimlnu^ mho- /.♦ R t , ()> .1. tit? area 
of a pole-face. 

.lx! 

M 1 1 ,183, (KM) 

•where <f> is the angle subtended hv the* polar an in ciiculai measure, 
and the expression in the bracket is virtually a mean MjuaPc flux 
density which if acting directly on one ^ile-tate would give the 
same pull. It is this value then which would retpiiie to be taken 
into account in addition to the weight of the armature in calculating 
the deflection of the shaft, as in ( haptei Xlll, § 9. 

It should be noted that a determination of /f, at several points 
from separate tolifl magnetizations uives for a unifoini air-gap 
of the length at each of the points d«*N not imrl the case*; still 
less its determination by graphic constitution or other method 
ba^d on a single magnetization cuive for the normal air-gap. 
When the squares of flux-density are in question, as mm h 9 accuracy 
as is reasonably possible itm^ be sought m then determination. 
The only constant quantity is 2 .17 , on each magnetic lircuit as a 
whole, but with little less truth .17, . 17 r . ! 7 v may be assumed 

as constant for each p<He and air-gap sepaiate lv. In calculating 
the partial magnetization-curves foi the pyles allowance must be 
made for thc4act that the magnetic diffeience of jM»tentral between 
the pole-tips wilkbe above the normal in the jmles uit*h lengthened 
air-gaps and IhIow it in tho^ with shortened air-gaps nearly in 
pro]>ortion to the divergence from the normal air-gap. 

If the whole of the AT t were expended over the air-gap — a con- 
dition only approached at wry low densities and with iion of very 
high permeability- -the broken curve of H, would fall into a gradual 
swefp from a maximum at the lowest pole-edge to a minimum 
at the highest poV-edge ; and for increasing values r»f A 7^, the 
ttnbalanced pull for the saint; displacement 6 wrAild continuously 
rise in amount. But the important jx>int is t hat for increasing values 
of AT ff and saturation vf the iron,* not only doys the proportion 
which A 7 f in the several poles bears fo A T f decrease, but it decreases 
more quickly in the Innre highly saturated pole with the shorter 
air-gap. Hence by the action of irqp*saturation, A T gl for the pole 
with shorfeneefrair-gap is less tkaa A T^ t for the pole wdth increased 
air-gap ; in our case they are resjx?ctiv#ly 3,680 and 6,750 out of a 


^ areas# 1 


i lb. 



460 


CHAPTER XV 


total of 10,400 a - AT,, and an av^rtige flux of 6,575,000 lines per 
pole. Thereby H xt Is maintained more nearly at the same average 
level as B ml§ and at the lower edge of the upper |>ole the density is 
actually much higher than at the corresponding upper edge of the 
lower pole (Fig. 240), producing an upward full as far as these 
edges are concerned. Indeed, fbr small displacements, the densities 
at the similar. corners of the two poles are not far different, and it 
is ovt$ their centres tlujt the difference ttsilly tafyes effect. Thus 
since for increasing values of AT f the effect of iron saturation acts 

powerfully to reduce the unbalanced 
* pull that would result if the whole 
of the excitation were expended on 
‘the air-gap, the unbalanced pull , 
leaches its maximum value for some 
particular value of the excitation. 
Trial confirms this and shows that 
it is reached at a comparatively low 
excitation 1 (about 5,500 AT t only in 
our assumed case). Since during 
the process of exert at ion the ampere- 
turns per jx)le must pass through 
this value, it is evident that the 
machine must be sufficiently rigid 
in shaft and frame to withstand t 
the displacement that will then arise. 
Let AT „ now be expressed 


a i"; expressed as a 
cet tain fraction c of tfle total excita- 
tion per , t.e. AI 9 c . AU f . 



/L, 


1*257 


./IT, 


L — -dcos a 

9 t 

» 

or in terms of the normal B t 


Taking then any two points symme- 
trically situated in tlra lower and 
upper quadrants of* a machine witli 
4 jx)les ora multiple f>f 4, the density 
at the two points will be respectively 

c t AT f • 
f d cos a 


and B« 


1 257 


1 257 


cAT, 


before* displacement , 


IL 




1 


find B xt - Jig . 


1 - r- cos a 

'# 


1 -f- —cos a 


1 As pointed out by C. K. VUctr. Review and Western Electrician. 

Vol. 58, pp. 83-^86, and by K. Koseubctg, Amer. t E.E., Vot. 37, 

Pfcrt II, p. 1435. * / * 
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The unbalanced pull therefrom ior similar points on one side of 
the vertical is proportional per sq. cm. in the 4 -pole machine to 

\ a l 




I - COS A 



1 1 j cm: a 


cos (/ . . (99) 


and for the pair of pole-faces each of I mj. cm. area, the total is 
equal to 

l **.- 1 


1 

U.litt.tXXI X <j> 


I l 

r °t 

/ t , \* / • > »V« ■ </•« 

(:) 4 -w' ■ 

V** , 

/( a \ 2 I <**((.< in 


(i«») 


nr double t hi> .miount for tin: two jun- ol ]»nliv> mi tin* two sides 

2 tt 

of the vertical. Siftcc tlu: polar aic c j> -- \ /I, the total unbal- 
anced pull may be expressed as a fraction of tlu total pull in a 
radial direction on all jnde-fnces ; thus 

# 1L 2 v A x 2 p 1 /l* / I)L 

1 1 , 1811,600 * jb * ll.Utt.WJO ■' * 1 1 

where C hast 1ft* value within tin* square bia< ket for 4 poles and for 
moje poles requires the ;*idiiion of corresponding pans of expressions 

for symmetrically situated pole-pairs. 

* o 

vow f c ° s *" ,h ' ... jt r f d “ i d " i 

• J ( 1 ■ * t t »H l j' * U ( I . ... ) J ( r j* rm a )‘J 


which *s = *f 


r' -f . sin 

9 


LV v-.iio 


IWj) v ‘ t-*in a* 


where n' has the same value as alwvc {p. 1 57). 
Similarly 


/ cos ^3 da /„[• /* d& f da -] 

-f j-co$*a\ -f £ cos a j ( 1 f ~ cos a j J 


which is 


t o • 

• • v ■ r .on v j . 

v * * 1 - M//,) u + sin v 

. vr-w.r n - 


* • M 

where » has the same value as above (p. 
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With i.g. 4 pole* ahd f) *« 07, the lyiijpt lor a arc 70.5° and I3’5° and 


c & y[w )* » ‘ 

4 (‘m ynWf> (»».. 


‘-'it ») + ('in *%« i - sin i-',,.,) 

1 1 (<>/'„)')*" 

"n ») I’m C„ , - ain c-„ ,) 

H . 


( 102 ) 


With 8 pole* , # • 


c — 1 . 

14 - (->//,)*)• 

i c ^ ( m ( y m r. * v « n) 

f (dn e'„ n 

• MU K' #n )| 


1 C')' jl'V',) (‘«„ i-.„) 

f 

Mn r 4 J* 


1 ( L ‘ j'' } ! ' W “' u ’" 

! (Mlll' |4|i 

7&) | 

t 

1 I 

# 

» (';/ jo <•„„) 


s,, ‘ ;i/|J 

In our case \/ (1 

(.)//,)■)* ' 0-05. and 


. (102a) 

for the lower pole 

o’„ , ■ 107-52°; 

MU r ' 74 . 

0-0538 

• 

? i« j *' 23*22" ; 

Mil t/,,, • 

0*3848 


»m v’ u . 3 

mu r ' n 4 - 

U 569 

for the upper pule 

48*82’ r 

s *‘ **:• i 

0 7538 

• 

7-82 1 

sm r n , 

0-13)7 

l hence 

Mil t ,, , 

MU ( s 

• 

0*8178 

<• .. 

Y 1*474 \ 0*568 1 / r, * f $ 

0 718.5 

0-617,0 

v: ; L 

/ r, \* 

0 65 I ’ \ r ) 

•* « L -» 

,, , . / c . \ 1 

0 65 

J 

"•(.) Xi 

Z 01 - ( * ) 0 388 

V C > 

« 

° (103) 


From Fig. 238 when A T f 10.400, /f 7*,, *3.080, and AT , 6.160, 

while normally for the same excitation .1 f' t 5.450 ; theme c, 0-354* 

(,.”0-040. .uni i 0 524, so that (<*,/<•)* (0-354, p 524)* 0-458 ami 

((,/()• ^ (0-040/0-524)* 1-44. Thu* for 10.4(H) A l ]vr , H »V 

<• * 0-458 y 2-01 1 44 • 0-308 0 347. * 

ami the unktlam «-<l pull is proportional t* > (7.880)* o ^47 21-5 fo*. 

It is evident how greatly tin- valm-s of (<-,/<)* ami rrpiait/e the vortical 

pull from rat h of the jxdes. If a low value of excitation was taken, so that 
m each |n»Ie nearly all the amjH're turns were rxjvmled on the aif-gaps, 
Cj/t * < ,/c 1 nearly, ami ( is increased to 1-812, big the normal IK is itself 

reduced. • § 

.Since for a given mV lum* a» i a given displacement, the numerical part 
of expression (103) rem.unsVonstant. it is easy therefrom to calculate 1 'the 
excitation and normal U 9 at whi^h the pull reaches its* maximum for that 
displacement. It is only necessary to take different values of AT. and to 
obtain irom Fig. 238 the Appropriate values of c t !c and c t 'e for insertion,-* 
it is thus found in our case that it occurs at*about AT. 5*500. for which 
A /# - A T f - A l\ ~ 5,000, H .^8,500, and A I' « «M50, while A T mt 
« - 3,320, and A T gtt ^ 4.8(H). Thence r, 'c ~ 0-748. c,/c *= 103, and tlfe 
untwlanced pull is proportional to (H.tiOO)* x 0*706 «= .30 x 10*. 

• But whether this maximum is reached or is exceeded up the given marline 
as its excitation passes through* 5..^)0 AT entirely depends on the magnitude 
of the initial displacement d f when t^e machine is unexcited. Starting from 
this amoupt for any value of the WitAtiqp thep? will be an unbalanced poll 
of amount J\ if rotor ami stator .ve imagined to remain in their given initial 
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positions From I\ then* results ay plastic deflection ot the shaft of the rotor 
and an elastic dr Arc turn of the stator frame, their magnitudes depending 
on the relative stiffnesses of shaft and frame at the point at which it acts, lal 
the sum of the two deflections be the first decrement \ or the amount hv 
which the air-gap between rotor and stator is iurthrr shortened. This gives 
nse to an additional increment f\ to the pud. which m turtf produces a second 
decrement d t< ami so* on. In the case n} a honrontallv supported rotor, 
apart from any error m centring the Uftrmgs with tlu stator frame, an initial 
displacement is always present, tiring the gmvitV deflection of the shaft 
under the weight H' of the rotor, on which account the inilail displacement 
has Utii marked with the r/iliix *’ k " Forresjxuiding then to * 

we have i A, * d, • * final i) 

If displacement and pull always riTaim-d strat ^fiopoitionaht \\ the final 
displacement would U» the sum of a geoim trn series. ‘ and would lx* finite 



if the first decrement*), was less than tin* initial displacement Pro- 

portionality of pull and displacement i\ however, ^ery far from holding 
owing to the effect of iron saturation, as •lrrady explained For a given 
iwilirt/ displacement, therefore, the true growth ?>f the unbalanced pull which 
rotor and stator experience when the mgfhino is Uung excited and of the 
deflection can only be followed if a number of o-sults .suc h as (I03)^rc cal- 
culated for different valine of U^ai displacement and ;#e plotted to form a 
family of curves connecting jflill and excitation, and the actual deflection is 
traced through thxm. • 

For anv given ratio of cW f , curves giving the integials for values of a up 
to a complete quadrant or t#) 0 for upp?r and lower jiolca respectively, as in 
Fig *241 can be plotted pnee and for all, and are then Available for any numbtr 
of poles It is only necessary tft read ofj the integral for the one edge? of a 
pole, to deduct that for the other edgg, yid to multiply the difference by 

— ’ • * • . ■* 

1 Cp. E. Koscnberg. l<*c. cii. 
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\c) the coefficient for Kuf pole in question. The same process 

is repeated fof the similarly situated pole in the other quadrant, and the sum 
of the differences for pf 2 pole pairs is the value required for C in expression 
(101). Wlien the number of poles is large, it suffices to calculate 

Cc) an< ^ ^ c') an< * highest jK>les »and to approximate the 

values for the ratio it\ the*rcrnaiitin*g pairs. 

With a given value for ft. the highest value is obtained with eg A. 6. 8 poles 
when the displacement is in line with t£ie axis of * pole, and the minimum 
when the displacement along an iriterjtolar *iiie of symmetry 

hor a given final displacement arid constant values of norrrud B x and ft. 
as the number of poles is increased, apart from the values of (c x fc) the un- 
Udamrd pull in the fpfiuer < ase de<4ines*and in the latter case intrcavs, and 
in neither is there any gd at divergence from the value for a 90\ when 
multiplied by ft. Hftt in any such comparison account must also be taken 
flf the changes in the values of # r >c. unless the saturation is low. Further, 
jvs tke unrulier of poles is im reused and the p»lar arc. diminishes, the den&itio. 
at the* i oruers of each pole diverge less and levs widely from the value at the 
centre, the curve of It x for the* several poles, therefore, falls more nearly into 
a gradual sweep, tonally with a very large number of jh>1ch we approach 
I he case of two nearly <o axial cylinders, one of which is displaced by A 
relatively to the other. If the displacement l>e very small as compared with 
iir reluctance of t^e irtn magnet mav approximately lx* regarded as 
constant at its normal value :K m j**r pole We then have 


i, 

«‘K„_ f :k, 


< *m 


(<V„) cos a varies over each pole face, but as the number of poles is increased 
ami the arc of each dei roases, ' K * ~ f r {'A gx :K fl ) for each pole-facc 


liecoiqps more nearly equal lo cos a. Hence with large munber of 

tulles, the two expressions may approximately identified On this 
assumption of t 

k\" *. 


i .. *. •• „ 

:K 4- 

0 1 m 

. c . A 
1 t ^ - cos a 


• * c 

X + X 


Hero l g h may bo ro^arilotl as an r<pii valcnl air-gap which makes allowance 
for a certain constant magnet reluctance. Expression (99) raay then be 
written — * * 

• Vb, eA cA l co * « 

• ( (1 - ~ cos a) 1 (1 , |- cos a)*) * 

9 *0 « 

The value for C with the supposed large ntimber ofpoles if covering tho 
entire periphery (ii*. ft =«■ 1), as nyght be the ^ase in a homopolar inductor 
generator, is then 

/ T cos a . 4a / cos a . da 

• (1 - y ~ cos a )*» l '° <1 -f r~ cos aV 
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tan 1 


J l i ' Cdlt > and 
*V I - cd>l. 


•*V! 


cot 


and 


Only the complete integrals for a 7 * 90* arc requirt*!,* and these may be 
immediately combined. When a/2 « 45°, and tan a/2 «• 1, let m* 

then tan 

f <A'V 

m' w 90* - x. Thus o'* - 180° - r*, and t' M j- r M «* the sine terms 
cancel out since sin (l&$ y - t) =» sin r, and# 

c “ v (< 1 - wi *") ' ■' ' (l04) 

A having been assumed vu y small compared# with i g , the denomTnator 

within the bracket approaches unity, and nearly. 1 

. * 

If the whole of the ampere turns mly lx* reg-yded as ♦ xjK*nded over the 
air-gap owing to the very low saturation of the iron, f 1. and 

/. .yi? 111 . x . . . . „<*) 

# ** 11, 18:t.OUO l 0 " ' J 

Or on the above supjxwition the same expression may also In* d< nv<M from 
(102) ; since the ratio c x c is then unity, the etfett <d the upj*r and low*cr 
quadrants can Ik* combined in one, as in Whet In r there are 2 or many 

poles, so long as /> *- 1, the supposition implies that the difference of magnetic, 
potential or A V g between stator anti rotor is uniform over the whole of the 
emit*, although its sign changes as we pass from'j*ole to pole. In thHto 
art .u instances the density at any jhji 11 1 is fixed by the air-gap at that joint 
and by the uniform value of A 1 g not by the air gap A l gT of the par in ular 
jxilc in which it falls# On this J>asis the oxpievuon in the hum of ( I OS) 
was given by H A. IV'hrcnd* from the consideration of two nearly ro axial 
cylinders, one of whn h is tlisplacetl by A olulivtly to the other, when 

w’»s neglctied in comparison with * • os a in the tlenominator 


/ d * 

{c ma ) 


*>* 


cos a . da 
1 | ■ cos (I 


( 

§ 15. The electrical effect of eccentricity of the armature.— 

Apart from tin* modianjcal cifett, il lias alicady been <diown in 
Chapter XII, § 1, and the note appended to Chapter XII, that 
in a mult ipolaj lap-wound armatuii*, the lAsult of any displace- 
ment of the armature out of the centie of tint bore of the pole-pieces 
must be an unequal distribution of tlie < in t ent among the parallel 
branches of the armatute winding and bnish m-Is, attended with 
a lessened efficiency and perhaps sparking at the brushes. 

Any considerable wear of the beatings must thmdore be < directed 
by either raising the armature or lowering the iield-magnet. For 
this -purpose in large multipolar machines <*ntiing screws are often 
provided, by means of which the magnet fiame may lx* adjusted 
horizontally and sideways. These may be used the out^rt 1o 
erect the magikd so that its parallel (mbits give very approximately 
equal voltages on open circuit as checked by a voltmeter applied to 

1 Cp. Fischcr-Hinncn, Dynamo Desigh (1899), pje 260 265, whore an 
analo# 3 u$ expression w^ first given, and J. K. ivumcc, Zcxtschrift fur* 
EUktfottchmk, Vol. 22, pp. 727, 8. * • * 

* ‘* On the Mechanical Forces in Dvnan&>s caused by Magnetic A< traction/* 
Tram. A nut. LEM., Vol. 17 # pp.. 61/ 626, See also Miles Walker, The 
Specification and Design of Dynamo electric •Machinery, p. 59. 
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the several pairs of brushes ; iron paths \*ary slightly in 

permeance, it may even Ik: found advisable to set the magnet so 
that it is not quite concentric with the armature, yet so ttyat the 
magnetic pulls of the poles and the electrical E.M.F.'s are closely 
balanced. At any later tiny the screws may .again be called into 
use to follow up the effect of w*:;»* <jf the braise*'. 

But it has also been shown in the Note to Chapter XII, that 
owinjtto the circulating currents or unequal distribution of current 
in the nuiltijwdar lap-wound antin', lire the inequality of the fluxes 
is less than would be due to the simple eccentricity, and t his has 
the further effect of* ve<t icing tlffc unbalanced pull and finally of 
lessening the actual Mnount of the eccentricity to which the resultant 
% st*tc corresponds. The addition of equalizing unmeet ions tends 
to reifuj’e this beneficial action of lap-winding, but there still remains * 
a considerable influence tovMtnh neutraliz it ion of the effect of the 
eccentricity. 

In this respect then the lap-wound muitipnl.tr U more favourably 
situated than the y avt*i oimecied multipolar. The electrical 
objection from want of equality in the strengths of the fields is in 
the latter removed when there are only two .set ^ of brushes, but on 
the other hand the mechanical disadvantage arising from the 
unbalanced pull persists to its fullest extent. 

| 18. Deflection and strength of external yoke-ring. -Tlie 
formula: of the above section have been based upon the supjnisition 
that the yoke-ring has retained it ^ true cimilai shape, while t ht k # 
armature is displaced eccentrically ^rnm it% true position by the 
amount d. So long as this is assumed to be the car**, the normal 
magnetic pull P fH from a uniform tlux-drnsqy can be shown to have 
no effect upon the ring, and there is only "left the total resultant 
unbalanced pull P u assumed to act vertically. Btfy the vertical 
components of the unbalanced pulls oil the several poles, of which 
P u is the sum, are, when considered in t elation t±> the yoke-ring, 
not concentrated on the vertical axis, but are more or less distributed 
round the semicircle. The external ring would therefore be differ- 
ently conditioned from the shaft, upon whieh^he total unbafanced 
pull is really concentrated on the vertical diameter. The effect 
upon the ring might, htwever, still be expressed in terms o f«/ J u . 
Thus if the semicircle be replaced by a straight beam freely supported 
at ea#h end, and of length l 2r, graphic construction of thp 
bending-moment diagram foi* various* numbers of polios would show 
that the same bending would in the 4-pole mariftne be given by a 
concentrated central weight equivalent approximately to 0-86 P u ; 
«tud in a 6-pole machine, where one pole is^itiyted immediately 
on the vertical axis, by an t*|u*alent concentrated weight 074 P u 
while alcove this number ofipdlet it becomes ~ 0 7? P u . To this 
would then have to be added»thc effect of the uniformly distributed 
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weight of the ifcng itself as acting over its upper semicircular half, 
and also the effect of the weight of half the poles, which is not far 
from uniformly distributed round the semicircle. • 

The necessary section which must for mechanical reasons be given 
to the multipolar yoke ring in however, a question hot ot the sttess 
to which the material is subject e«b f b fit of the stiffness of the auh 
to resist de flection at the crown ; the maximum deflection at the 
crown must, in fact, be limited to a small j>ercentage\»f the formal 
air-gap, say, to T05 i g . Hut m >;e than this, the deflection at the 
crown is accompanied by spreading outwards at the .sides. Thus 
from the necessary fact of thdlection the yoke-ring will no longer 
be circular, but will become more or less elliptical, and calculations 
based upon the above method with employment of P u would J h! 
entirely fallacious. Hence for the aln>ve supposition, ot a circular 
yoke-ring and displaced armature muy be substituted the assump- 
tion of a rigid armature shaft and a deformed external ung. I he 
exact determination of either the maximum deflection 01 of ilu* 
lateral spread bv calculation is haidly p«^sibl«* owing to the inti icacy 
of the vaiioiis factors ; if entirely prevented from expanding side- 
way-, the deflation would be less than half of that due to the 
same cniu eiiti ate<f load wltt-n the ends are quite fire to spread; 
and in practice the partial < onstiaint when the \<>k' is m one circular 
piece, or ifs two halves are strongly bolted together, ml induce.* 
considerable indelimteness into the problem. A comparative 
estimate can, however. be made winch will cir on the sid <4 of safety, 
if tin* semicircle be taken as ftee at its ends. The lateral extension 
of rath end tlieti about 15 times the vertical deflection, hut as 
an approximation it may be assumed that the two ate equal. The 
aif-gap at any angle n from the vet tit al, instead of being !„ h . cos a 
as in § 14, is then l g l 0 d o» 2a ; or the maximum inward 
deflection b ;ft the < mwn be reckoned as negative, and a be re< koiied 
from the horizontal which is here more ronvemrftt, it remains 
l 9 ~ d . cos 2u. 

Taking one or two values for l g \ the resulting B r is calculated 
and thence can be jound the corresjiondirig pull jht unit area of 
pole-face as proportional tt) B r *. The *\\<ess or deficiency of the 
latter as compared with th * normal pul} for the avciagc air-gap 
/ and normal density B g , can be approximated as proportional 
to X, the decrease or increase of the air-gap, i c. the excessjmll in 
* B 1 - B a 2 

lb. per square inch y ^ ■— j ()< ~ k X, where X ~ l g ' - l gt and 

is negative when the air* gap is recit ed. 

Hence if L f be tlje breadth of the pole-face, the pull per unit 
length round the bore is -hX.L,. Owing to the broken sufface 
presented by .the poles with their 1 intervening gaps, they may be 
replaced by a continuous surface in which the pull is, say, fths of 
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it# adual value at any spot. If # in an alternator with rotating 
magnet the field varied as a sine curve, the pull at any spot would 
vary as sin 2nf . t)*, and when integrated over a period and 
averaged it would be oc £ . so that the above assumption is 

safe, for usual ratios of polar arc to pole-pitch. Jhe abnormal pull per 
unit angle or radian may tlfmj. he taken as - \k X . R v L f J&5 cos 2 a 
lb. where R 9 the ritdius to the pole-face, and L f the breadth of 
the pple-face, are both in inches, wjicn, as above, kX is reckoned 
in lb. per square inch.' The nmyinium value which the pull per 
radian assumes when X Ji may be syml>oli7>*d as 

When the bending elfect of both the normal and abnormal pulls 
is iniegiatcd, then, assumiug^he pole-faces to be replaced by an un* 
brokefi surface with the abqye probation of the actual pulls, it can 
be shown* that the resultant bending moment at any point distant 
from the horizontal axis by the angle a is H m 5 r . p m * sin 3 o, 
where r must, now be made the radius to the netitral axis 
(*1 the section <*f the ring. It is therefore independent of the average 
pull, and vat ies only with sin 2 a for a given machine. The vertical 
deflection .it the same point is . ' 

Ay - jf'b* (I cos «) ^ . da 
and on the vet tic, il axis this becomes 

where K is the modulus of elasticity of the material and I i!\ the 
moment of inertia of the section of the ring. / and r must be in 
the same units in whieft $ is to be found, as also the mvt area implied 
in /**, while (lie stress li on this unit area must be in lb. if f> m * is 
in lb. To this must bo added the deflect ion* due 4o the weight of 
the half ring and also to the weight of half the poles with their 
bobbins. The deflection of a semicircular beam of uniform cross- 
section due to its own weight IT, wheji its efuls are fiee, is at the 

centre 3 - 0 0835 — . H*«vvliere r is the mean radius of the ring. 

In a 4-pole machine, with the magnet -poles inclined at 45° to the 
horizontal, the additional wejghts art; rather more, and in the 6-pofe 
machine with one pole vertical, rather "less favourabfy placed than 
under the. condition of unifoftn distribution, and the coefficients 

1 As in Arnold, Dut, Wtchsthtrowbchnik, Vol. 4, r>. 258. • 

* t This may be compared \yth the similar formula ftflr a straight beam of 

length / *■ 2r, namely, 4 « Jf 14" «■ 0*104 . W r , and, as might be 

©xpectctf, the deflection of pie arched* beam is'thc smaller. 
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become 0*078$ and 00856. The 8-pole and 10-pole machines 
approach more closely, with coefficients 0*083 and 0*0845, There 
is therefore in any case but little difference front thejcase of unifortft 
distribution ; and if li’ f be the weight of the comfUtt yoke-ring 
and W 9 that of all the poles with their coils, the vertical deflection 
from the weight of*ring and poles is closely 

r 3 ' l»; ('■ H' 

-0-0835 Yr~ 2 ~2~* * „ 

The total drtleftion from the \ eight and 1mm the magnetic pull is 
therefore 




0835 


« „ 1- H- 


I 0 3 . />, 




(m 


Since p m m is x A*<5, and is thcrefofe itself d<*j**inlent upon 6, it is 
evident that some limiting value of d must be assumed, such as 
0*05/ # , and the moment of inntia V* given the required value, 
so that this limit is not exceeded. The above estimate, being based 

on the most unfavourable conditions, is little likely to be reached 

, • • 

in practice. 1 

The modulus of elasticity /: is for cast steel 30,000,000 11). 
jvr square inch •and fnr^ast iron 14.000,000. The moment of 

hh* t , hh* , , 

inertia is — for a iectangular section, oi , say, ----- for a slightly 

rounded section of maximum dej»th h, but in other cases requires 
to be calculated with accuracy. , 

In the lower half i \ the y#ke-iing the effect from the unbalanced 
magnetic pull, if this is vertically upwards due to tin* armature 
having sunk, opposes that from the weight ; and further, fiom the 
ifature of its support 'on two projecting feet .it the sides, the lower 
half possesses greater stiffness ; it is only, therefore, in very large 
machines that a central support at tin* bottom may become advisable. 

| 17. Proportioning of multipolar machines.- - A *2 pole dynamo 
of large output must have an armature cote of considerable length 
as compared with its diameter, but such projections give a section 
to Ihe magnet limb which is inefficient in exciting copper. On 
the other hand, in the multipolar field the diameter can be larger, 

S d its proportion to the length can be so chosen that the section of 
e magnet -cop? approximates to a square or to a circle, and is 
therefore economical in exciting wire. Thus, although the sub- 
* division of the total flux between* several rruffcnctic circuits Is in 
itself expensive in wire and exciting energy, the proportions of the 
magnet -cores in the multipolar case can be made so economical 
tfcat it may actually take less weight of exciting wire than the 2-goie 

1 For a different treatment *bascd or th# assumption that the ends of the 
semicircular arch are held fast, see ft, Jivingstone, Tht Mtchanical Design 
and Construction of Gen^r tiers, *p. 129. • 
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ma&Ktve horseshoe ; it then has the advantage not <yily in weight of 
iron in the magnet, but also in weight of copper. In order to obtain 
such advantageous proportions, the two dimensions A and B and there- 
fore also MO and OP (Fig. 242) must not be far different from each 
other ; for, roughly speaking, the |>olc-core A, B must stand in the 
middle of the shoe MO, OP, vtpth alxnit the same amount of overhang 
all round, in order to avoid any Undue thinning out of the lines towards 



(!) {• 2 l g ) sin where I) is the diameter of the atn^iture core, and 


(/> f- 2 1 9 ) may be taken as approximately 1*04 D. If a be the 
amount by which the length of the armature core exceeds the length 
of the pole-face at each end, OP L -2d, and fltis may be taken as 

equal to 0*93 L. If then 4/(5 is to be equal to OP, 104 D sin 


0 93 L, The jxdar angle hear# an approximately constant propor- 

* • • 36(1° x ft 

tion to the pitch of the poles, or , where $ is usually 

• Ip * 

about 0*7. The favourable ratio # of length to diameter of core for 
different numbers of poles on these assumptions would be 


L 

D 



126 
2 P 
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A closer analysis may be made by taking into account the necessary’ 
reduction which there must l>e in the area .4/* carrying useful lines 
at a density of 16,800 per square centimetre, as compared with the 
area oi the bored pole-face carrying lines at a density of, say, 
B t ~ 7,400. Expressing the latter in terms of the chord MSO, 
we have # • 


and a little calculation shows th*t the prodint xy decreases from 
0-462 for four poles to 0-449 for six, and Tlu-n becomes iu*ai ly con- 
stant for eight or more poles at 0-445. This product lias now to he 
• divided into the two factors v and y.Vemg u-spec lively the ivtio ol 

A to the chord f - 1 04/)sin and of ft to the length Ol* ( 0-92 /.). 


L 


<t> 


Equating .1 and H, we thus obtain , . 1 11! 'in [ } . Hut 

#y - 

though, as already stated, AH must, roughly speaking, stand in the 
middle of MO, 0 1* there is no necessity for the amount by which 
the width .4 is less than the choid to be precise!* the same as the 
amount by which B is lr-.s than the j>ole-length. It is, in fact, 
better to make v somewhat le^s than y, the two values ranging from 
0-64 and 0-72 in the 4 pole down to 0 63 ami 0 7 1 in ihe 

> 

10-pole machine. 1 In 


ratio • is then a < nnsiant 
V 


I* 

M2' 


.md 


I. <i> 126' 

T> s,n -> s| " •>/>■ 


It is, however, advisable to keep the diameter on the small side, and 
consequently to* main* the ratio — greater, even at t fu- cost of less 


economy in the excitation. Hence- the above expression may be 
regarded rather as giving the minima valuer which the ratio should 
take. The greatest ‘departure from the most economical section of 
magnet-core which would Ik.* allow al*»- in a multq>olar machine 
W'ould follow from the adoption of a iatio*of H : A say, 1-5. We 
thus obtain as maxima values 


u 

I) 


1*5 sin 


•126 

2 P 


Wtyle the above proportions admit of considerable variations 
according to difforerft conditions of the Resign, Ihe method by whidh 
they have been arrived at serves y/show how they depend on the 
relative densities in the* air-gap and magnet -core, and «ipon the 
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amount by which it is considered advisable for either edge of the 
pole-piece to project beyond the signet -core. 


pole-pitch, 




LID. 


No, 




Poles. 

Minimum^ 

~ 4 X 2p 

Maximum. 

4 

* 0*52 

0-59 

0785 

« j 

0-38 

0*39 

0-54 

8 

0-.27 

0-295 

0-41. 

10 

0-22 

0236 

0-33 

12 j 

018 

01 97 

0-27 

idiminary 

starting-j>oint for an 

entirely new design L 

•niently be taken Us 

equal to 

three-quarters of the 


i.e. 


L 

1 ) 


7T 


(107) 


This makes the pole-shoe roughly a square, and gives useful inter- 
mediate values which are tabulated above between the minima and 
maxima values obtained from the preceding expressions. 

For a line of mac hines of small or moderate size, each yoke-ring 
or frame can be so proportioned as to admit of the employment 
within it of two or three armature cores of the same* diameter 
but of different lengths, say, O H, 0 7 andO’Softhe pole-pitch with 
rectangular field-coils, or 0-4, 0 5 and 06 of the pole-pitch with 
cylindrical coils. 1 

As explained in C hapter XII, § 17, with increasing size.; of machines 
the diameter must be increased, and for eavh diameter there is, a 
minimum number of poles, below which t lie corresponding weight of 
yoke and also the reaction of the armature ampere-turps render it 
uneconomical to go. Such minimum numbers will, be roughly as 
follow's — # * * 


Armature Diameter. 
Up to 25 in. . 
Above 25 in. . 
„ 30 in. . 

„ 48 in, .* 


Number of Poles. 

Not less than 4 
,, * B 

\. 8 

,, 10, and so on. 


In machines with commutating poles, assuming -as a maximum 
9,000 armature ampere-turns per pole or 18,000 armature ampere- 
conductors per pole, and 900 amf>ere-concluttors per inch <*f periphery 
the maximum pole-pitch is given as 18,000/900 20 in. The 

length of armature Core, if equal U> three-quarters of the pole-pitch, 
is then 15 in., and it maybe laid down in generej tl*at the over-All 

* % • * 

» Cp. Miles Walker, Specification Design of Dynamo-electric Machinery. 

p. 498. * 
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peripheral speed is low, it will usually be advisable fo shorten the 
core to less than the above maximum, to raise the diameter and, if 
need Ik*, increase die number of poles. 


I 



Fig. 245. -Mugnof-coro and laminated |*>lt^shoe for large ^machine. 

• * 

• 

$ 18. Laminated pole-shoes. - Hie necessity for the employment 
of Jaminated pole-shoos in order to minimize eddy-currents due do 
the varying distribution of tl« flpx as wide open slots sweep past the 
pole-face has already been incfitifcqpd in Chapter XIII, § 18. In 
small machines the whole pole js soYnctime£ made up of sheet-steel 
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stampings (0 025' thick) riveted together, as in .Fig. 243 ; the cross- 
section of the pole must then lx* square or rectangular. For 
attachment to the yoke-ring, if the pole is not t<*> lwavy, it is quite 
safe io drill and tap a laminated pole for screws, provided that the 
laminations are tightly squeezed together and well riveted Ix tween 
stout side cheeks. *Or a lx.lt may lx* t*sod b. draw the lx.le up against 
its seating within the yoke-ring. Alternatively, a solid square bar 



. * , ^ * 

is driven through tl square hole in the laminations of the complete 

pole, and into this er^ter sot screws through the yoke ring. In 
larger machines it is more usual to make up separate pole-shoes 
of sheet-steel stampings, and to fasten them to the solid pole-core 
by means of four screws. Flange* projecting at right angles 
to* the side-cheeks serve as supports for the magnet bobbins. 
Since the magnet pull on the pole-sh<* is very considerable, especially 
*at the tips, the side cheeks Qiust be ^tiff, the rivets strong, *and the 
screws fastAiin^ the whole to the jxile-core well distributed over 
the face (bigs. 244 and ,£45). big/246 shows a complete pole-shoe, 
and below it one of the componeift laminations.' 



CHAPTER XVI 

THE AMPERE -Tl’HVS OF THE HI I D 


| 1. The threo diviifcma of the magnetic circuit- In the previous 
equations for the intern il E.M.F induced in an armature, one of 
the three determining factors has been <P a , or the number of lines 
of flux which enter ipto the armature-core from one jk>1c or leave 
the core to pass into another pole. We have now to determine 
the ampere-turns of the excitation which must l>e placed on the 
magnet in order to produce <b a lines in that part of the magnetic 
circuit where they are required, namely, in the armature, where 
they are linked with the active wires. The process of calculation 
has been already illustrated in Chapter II, § 13, and consists in 
tlu; subdivision of the entire magnetic circuit into such lengths as 
may he considered to be of the same sectional area and permeability, 
anti to carry the saint* number of lines, the calculation of the magnetic 
differences of potential required to drive the lines through each of 
these lengths, and their subsequent summation as one magneto- 
motive force. The magnetic circuit in a dynamo may be divided 
into the three principal parts : (I) the airlifts, (2) the iron of the 
armature, subdivided into (a) the armature core pro|vr, and (ft) ( 
the teeth in the case of a slotted armature, (3) the iron of the field- 
magnet ; the latter may further require to be subdivided into two 
parts, namely, [a) the magnet cores or poles, and (ft) 'the yoke, and 
in some cases, where the pole-pieces differ much in area and quality 
from the rest of the magnet, a third subdivision becomes necessary, 
namely, (c) the pole- purrs. The subscript letters g, c, v, m, y, and p 
may be used^o denote these several parts. Owjng to leakage {he 
total flux will vary in different pails of the circuit, fttit, as explained 
in Chapter II, oil the supposition of the leakage paths being all in 
parallel with the armature and air-gaps, it will suffice to consider 
(J> a lines as flowing through the armature, afid a larger number, 
<h m , as flowing tluotigh the magnet and yoke. 

S 2. The equation of the magnetic circuit. - If <1> lines flow 
through a portion of a magnet circuit, having a total area of cross- 
sectiofl.of a square centimetres normal to their path, the value 
which H must have is solely determined by tlu^ hui-density per 
square centimetre, ir. by the ihduction ; in other words, 

whatever be the total area nortnal to (lie flow, if a difference of 
Magnetic potential, H, maintained between two surfaces one 
centimetre apart, B lines willow through each square centimetre 
of the cross-section. Each centimetre 4ength of the substance 
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therefore retires a specific difference of magnetic potential, H 
(dependent on B), to be maintained between its ends ; and if the 
same flux-density, B, be continued over a port ion* whose length is 
l centimetres, the total fall of magnetic potential between opj*>site 
faces of the portion will tve // X /, and that difference of potential 
maintained between it^ ends wiy fause a, total flow of <I> -- aB 
lines through it. Reckoning, therefore, the lengths of the five chief 
portions of the magnetic circuit in centimetres, /, being il^e length 
of a single air^ap, l t that of ? tooth, arAl l m that of a single pole, 
the fundamental equation for *a complete circuit, with its two 
air-gaps, and its two poles* in Ihe usuaj multipolar tyj vs, may l>e 
expressed as — 


Total M M 1\ 
where H c , H t , U, 


II J e i Ufli •!- //.2/ f i i H % . /;• . , 

• • 

, H m , and II V aje tlio magnetizing intensities 
required to produce B c , B t , B g , B m , and B v in the annatuie core and 
teeth, air-gaps, jvle-core and yoke respectively. Or, willing 
f(B) for //, since H has been shown to be a function <d the induction 

Total M M.F. - f(B e ) . /, { f(B t Y2l t \ /(/*/. 21 a ! f(B m )2l m | /(/(). /> 
And finallv, sine** B <t>!a 

• 4 

The same flu\<I> a is here t a kin as passing alike through air-gaps, 
teeth and af mature core, and a e and a y are the areas of iW double 
actions of ai mature %/oie and yoke, wliere the flux bifurcates. 

In curve# of flux-density, such as Ti^s. 205-209. are connected 
together corresponding values of B and // for vaiious materials, 
jlaving calcinated, therefore, the different value* of B c , B t , B §t 
B m , B v for a given value of <D a . all that is necessary is to look out 
in the flux-density nu,ve of the material in question the particular 
value which B has in h, and then to lead off on the scale of abscissae 
the corresponding^ particular value which f(B) H must have for 
that density ; this value can then in substituted for the sjrccific 
fl in the above equation. • * 

The above equation being expressed in C.G.S. units of magneto- 
motive force will requite tqbe divided throughout by 1*25^ in order 
to express^ in ampere-turns of excitation on one c omplete magnetic 
circuit, as . 

X = X,+ X t + -f A’m 4- X y 

But since the Values of H in the flpx density curves were originally 
derived from a measured nurijln^f ampere-turns per centimetre 
length, it is still simpler to 4h<Jw oq the horizontal axis M abscissae 
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a scale of ampere-turns per cm. length (as well as ? scale of H in 
C.G.S. units), and thence read off the specific excitation at required 
per centimetre length to produce a flow of B lines per square centi- 
metre. Tliis has been done in the lower of the two horizontal 
scales of Figs. 2w5 209, whence, therefore, we can read off the new f 

c , value whicji the function of 
the density takes when ex- 
pressed in ampere -turns, or 

'/'(») 

Since the permeability of air 
A / A is strictly constant and on the 

C.G.S. system 1, a density 
of one line per sq. cm. in air 

requires ■ 0-8 of an 

1 1 2r>7 

ampere-turn, and any other 
flux density B 0 requires 0-8/f a 
ampere-turns, per cm. length. 
Kvcii if the ^normal air-gap of 
the machine is partly filled 
with cotton -covered copper 
win*, the pei meability of tlie 
latter two materials is sensibly 
tlu same as that of air. 
Hence for al g may at once be 
substituted 0 8 B a , or 0-8 Q> a ! a g . 
As foreshadowed in Chapter 
/ ** 11 . § 14, in calculating a a a 

certain additional' area must 
be reckoned ,o?er and above 
the actual area of the polar 
face in. order to allow for the 
Fig. 247 Half magnetic circuit of spreading out of the lines »;n a 
multipolar machines. fringv, winch increases the 

• effective cross-section of the 

air-gap. On the other hand, some deduction must be made to 
allow for the presence of Ventilating ducts reaching to the 
arrnaturp surface. ‘The quantitative vajue for these adjustments 
will be treated in § 6. % 

Lastly, from considerations of symmetry* it suffices in all types 
of symmetrical field-magnets ai> commonly used in practice, to 
determine the ampere-turn^ required by a half irtagnetic circuit, 
i.e. by the sector (Fig. 247) corresponding to a pole (whether this 
be external or internal to the armature) since these turns must be 
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provided by life coil wound on yqe pole. If, therefore, in the present 
connection the symbol AT, as contrasted with .V is restricted to 
the ampere-turns on a half magnetic circuit,* and with other 
subscripts is restricted to the ampere-turns^ required by a 
component part of. the half circuit 

A Tf - A T t t ;• A /', + A T* ' r A Ti |- .1 1 , 

l • / 

- < £ ; K /, i at m l m j at, . ,J> (108) 

The total number of ampere-turns ort the whole machine is then 
pX 2pAT f . The actual process in dr^gmftg will be to determine 
the densities, 7> f , B t , B m , and B yt and then to read off from a flux- 
density curve the corres|x>nding values of at or tin* specific nujirtnu; 
of anqHTe-turns required per centimetre length ; and men iq the fase 
of the air-gap to calculate B a as a*guide m compaiing dilfeleilt 

mat bines. 

§ 3. Use of flux-density or B-H curves. The flux-density 
curves lmin which the values ot the sjVcilir amp<*i e-turns ate read 
must be suited to the exact nature of the inateiials of which the 
dvnamo’s magnetic tiicuit is composed. On tefeiiing to Fig. 205 
it will be seen that if the magnet be wjtiked with a low density, say, 
e .g. 10,000 m wrought iron or (>,000 in cast non, the value of at 
for a giv^u density is indetci inmate, and may have any value 
lying between the ascending and descending cuives ; in the cases 
supposed the limits will be 1-5 or 4 ampere-turns pet* centimetre 
length for wrought iron, and 9 l(> or 25 foi cast iron. I nc vend, with 
a given value for at, the density may vary between certain limits 
according as it has ty’en leached from a higher oi lower value. 
Hence a <ettain number of ampere-turns on the held may induce 
a slightly larger number of lines at ntu: titne than at another if the 
excitation be liaised to a higher value and then de< ipased ; and the 
student in;iV 4h**ie4ore feel a doubt as to what value of exciting 
turns he is to select. Iti practwe, however, any such effect of 
hysteresis resulting in a variation of ihe voltage given by a dynamo 
when running at a*u*rt;tin speed is hardly pe rcept ihle ; not only is 
a dynamo seldom worked with a ver y * low density in the iron of the 
ffeld-magnets (and with higher values W »r the density the vertical 
difference between the ascending *nd descending curves becomes 
, negligible), but also the exciting ]>ower expended over the reluctance 
of the fiehUnagnet . or A ? m '-f A '//forms only a certain proportion, 
usually less th.fti half, of the totaknumber of ampere-turns, AT/ — 
AT e A- AT t A AT g r AT m \ .\T V , and therefore an increased 
n Amber of ampere^ urns is required for the nrmatme and air-gaps, 
if an increased number of lifles passthibugh the armature, further, 
in actual wyrking, the excit^ti*n f wtmld never be varied through so 
wide a range as in Fig.]205 ; in’tliMatUr the magnetizing intensity 
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|>er centimetre length of iron has been carried up to a high 
figure, and then gradually reduced, so producing the greatest 
|>ossible difference' between the ascending and descending curves. 
Such a condition would seldom occur, except in the conduct of work- 
shop or laboratory experiments on dynamos; in the ordinary 
course, the field-magnets become gradually excited as the machine 
is set to work, and then the excitation is maintained at a more or 
less constant amount until, on the steppage of the machine, the 
magnetism dies away, i fence in die design (if dynamos it is 
sufficient to use invariably the ascending curve of induction ; any 
difference, due to the excitation having been differently reached, 
may be neglected, sin e its only effect will be to reduce slightly 
the ‘meed required to generate a given voltage. 

| 4. The hack ampere-turns of armature.- -There still remains 
one point on which the previous equation requins to be supple- 
mented. When .1 current s passing through the armature of any 
machine its ampere-turns give rise to a magnetomotive force, and 
the armature reacts on *he held, as will be explained in greater 
detail in Chapter XIX. Further, in a continuous-current dvnamo 
it may be necessary to move the brushes forward through a small 
angle in the direction of rotation in order to prevent sparking at 
the commutator ; the reason for this shifting of the brushes will a bo 
be more fully explained in Chapter XX. Suffice it here to say 
that if the brushes have to be given a forward lead in order to obviate 
sparking, t I k* ampere-tunis due to the current flowing in t fit- belt 
of armature wires cm losed within tw'ice the angle of lead X are 
practically in direct opposition to the ampeie-turn> * f the field. 
In Fig. 322 those wires in which the current, whether of the field 
or of the armatuie, is directed towards the obseiver are marked 
with a dot, and those in which the current is away from tlje observer 
are shown crossed ; from this figure it will bo apparent that the 
am j>ere -conductors within the angle 2X, are opposed to the amjxre- 
couductors of the held, and that the former if coupled up to form 
ampere-turns embracing the magnetic circuit tend to magnetize it in 
exactly the reverse direction to the latter ; although it is not entirely 
an accurate description of the whole phenomenon, as will be shown 
in Chapter XIX, they may* be regarded as back ampere-turns, an£ 
the result is that, it present, a certain number of extra ampere-turns 
have to be added to the field ampere-turns in order to neutralize 
the demagnetizing effect of the "armature current. LeUthis addi- 
tional number on a half circuit be AT b ; then 'the complete equation 
for the ampere-turns required from a held coil must contain this 
additional term, and thus becomes % % 

A T, r,, A T t -b A T t -b A V 9 ;■ A T b b A / m + A J\ . (109) 

8 5. The magnetic leakage du$ to the difference of potential 
between the poles. — The reason, for "the insertion of A l\ in the 
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fourth plac£ needs furt her # explanation. It* has been said that 
the flow of leakage lines takes place in the tnain under the magnetic 1 
difference of potential existing between the p«tle$ of the dynamo, 
ana even if this be not true of all the leakage^ allowance can be 
made for the inaccuracy involved in the assumption as will be 
shown in § 11. Before < t > m or A tan be determined, the amount 
of leakage <f> t requires to l>e estimated. In order to do tins, the joint 
jxumeancc of the leakage paths is calculated ; it is then onlxjjiecessary 
to multiply tfte magnetic diff«rvhce of potential at the poles by this 
joint permeance to determine (f >, The magnet it difference of ]H»ten- 
tial between the poles isVqiml to 1 J57*«imes the ampere turns 
required to produce the flow of lines between the poles ; let these 
he expressed as 2.1 T r , so tliat t; w - 1 7‘ r and - A J, represent tl]e^ 
magnetic potentials of the N. and S |*>le-faces icspcrt ivefy ;*then 
<f> l 1-257 X 2.1 T, X 'A i , where :yi s the joint jH-nneame of the 
leakage paths. Thence <!>„ <l> a j </>, from which the magnet 
density and the anqvre-turns required to produce it, AT m , 
can l>e determined. 1 • , . 

Now AT b , or the anijK-re-tums n-quired to ( uunterbalarx e the 
back ampere-turns of thy armature, if such are present, take effort 
between the poles, and* consequently must he included when 
estimating the difference of magnetic jM>tential between the poles; 
thus • 

AT, AT C 1 AT t j AT, } AT b 
and * • 

- 1-257 (AT C ! .17 , j A T, } A J\\ x 2*,. . (110) 

pur final and complete equation for the ampere turns or excitation 
of a half ffnignctic circuit will thus take tin* form 

V / 

,17, al c -' ! ,17, I «/„ > m i at,‘ (HI) 

4* % ** 

the coefficient K remaining to be explained in § 7. , 

pimple though this equation i^ in ils form, its application presents 
certain difficulties which preclude us from calculating the ampere- 
turns required with absolute and < complete Accuracy. Apart from 
fhe somewhat indefinite nature of tin? leakage paths, the lengths 
of the paths in the iron portions M the magnetic circuit can only 
be calculated approximately, a mgan having V> be struc£ between 
the longest and the shortest ; or again, the area of cross-section 
normal to the’flux rr^y be contfhuously varying (as, for example, 
in the pole-piece). A mean vahie must then in practice be taken 
and in the estimation of thjs considerable judgment may be requfted. 

A second source of error is that qnf calculations arc based on certain 

• * * 

» Cp. Chapter II, § 13. 
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flux-density curves, yet the particujar class of iron used may not 
be exactly similar to that for which a curve has been obtained ; 
cast iron in pat titular varies considerably in its magnetic properties. 
. Still, when tested after comple- 
tion, a dynamo should not require 
* .to lx* run at a sjned differing by 
more than 5 |k*b cent, from the 
, # designed^ speed in order to give 

^ * the designed voltage. 

* , f 6. Calculation of air-gap per- 

• > Q seance of smooth-core armature. 

. --In tlie determination of the 

field ampere turns two jx>rtion> 

• * of the magnetic circuit require 

- further discussion beyond the 
mere statement that the area and 
? consequent flux-density must be 

calculated or measured. These 
are the air-gap of the armature 
whether smooth nr slotted, and 
the teeth of the slotted armature. 

In the calculation of the air-gap 
jmm meaner <»r flux-den; ity therein, 
it must be borne in mind that, 
owing to the spreading of tin 1 lines . 
as they isMic out of the jxilar fare 
and pass into the mat lire core, 
the area of the air-gap is greatei 
than the area of the bored face 4 of 
the pole-shoe. 

The actual paths of the flux 
curving out .of ?l(p pole-tips into 
the tips of the armature teeth can 
l)e shown by the beautiful figures 
obtained froiy photographs o'r the 
stream-lines in a coloured viscous 
liquid forced between twosheetf of 
glass. This method of investiga- 
tion can be made to imitate with 
exactitude the analogous passage 
of lines through media of different 
t permeability, and from the original 
pgper on '" Lines of Induction in a Magnetic Field " l by Professor 
Hele-Shaw and Alfred Hay? wjio first employed t fie method. Figs. 
248 and 257 are reproduced h*' t\ie kind permission of the authors 
» Phil^rans, series A, Yd. las, pp! 303-327. 



Fig. 248. Fringe of field at pole- 

edge with toothed armature. 
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and of the rfoyal Society. ^subsequently,. Professor Hele-Shaw, 
I)r. Hay, and Mr. Powell published 1 a number of sych stream-line 
photographs expressly designed to illustrate the phenomena 
occurring in a toothed armature, and to the accompanying jKq**rs 
the student is i*q>oo»al!v referred. jHyy deal ly. show the refraction 






• 1 lb) 

Fig. 249. - Stream line photographs r< pn s« ntmg Ihix distribution in 
(u) smooth, {(>) toothed armature ^Frof. \Y'V\1. Thornton). 

• • 

of the lines as they pass from the aii, a medium of low permeability, 
"into the iroq, a medium o»f high permeability, and also that owing 
to 4 he low value «>f the ratio \ ft, eypn when the lines within the iron 
are approaching the bohnding surface with a very small inclination 
thttfeto, their exit into the air is made practically at right angfcrs 
to the bounding Surface. * „ t ’ 

Further stream-line photograjflis* which show the intcrpolar 
* • • * • 

» Journ LEE , Vol. 34, p. 21, and Volf 40. p 228. 
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fringe well are reproduced in rig. 24P from originate kmdly supplied 
by Prof. W. M. Thornton. 1 

Lastly, to complete the pictures of Fig. 237 lor the leakage of 



internal jxjles, there is added 
Fig. 250 showing the nature 
of the useful lines of the 
interpohir fringe in the three 
♦cases. It will be seen that 
they fill up" the spaces left 
blank in Fig. 237 which only 
included the true leakage 
between the pole-cores and 
pole-shoes. 

Not only do lines pass by 
a curving path into the core 
from the sloping or radial 
edges of the jx*le-ti|>s as 
shown above, but some also 
enter into the armature from 
the outer Hanks of the jx>le- 
pieces at the edge ot the 
Imre, and this i> esjvcaallv 
the case when, as* usual, the 
length of the armature core 
is slightly greater than the 
width of the jkiles parallel 



to it (Fig. 25 If. 

(<i) The interpolar fringe,' 
The distribution of the 
magnetic potential and of 
the llux. at ' 4 >ints* in the 
interpolar gap even on no 
load ’ when only the field 
M.M.F. ^ present cannot be 
expressed by any simple 
formula with mathematical 
accuracy, nt»r by any empiri- 
cal formula that is of 
universal application. Still 
less -can it 4>e so expressed 
undeV load when one of the 


MJM.F. systems (that of the armature) is not symmetrically 
placed in reference to tlu\ polar system. One ideal case can. 


1 Sec also lYof. Thornton's pap*r, * «The Distribution of N^gnctic Induc- 
tion and Hysteresis Loss in Armatures," LEE., Vol. 37, p. 125, 
Figs, 10-24, for the above and ma&y others in addition. 
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however, be exactly solved on* no load, yiz., that of a flit 
armature tore with smooth surface at zero potential throughout 
to which is presented a pair of poles whose edges are planes making 
a right angle to the core, these piles being at potentials -j- 1*257 
A T t and - 1257 A 'F V respectively tliryughout their entire surface. 
By use of the theory of conjugate* functions .\*r. V. \V. Outer 1 has 
shown that in suVh a case the normal value which tlig flux-density 
has under the greater jn»rt i< u*i of .the pola^ area when the/m~gap 
fength is uniform is not maint, lifted right up to the e<lges of the 
p>!e-fuce, and that the decrease begins at a distance front the 
pole-edge practically equal to the air-gap at the extreme edge its 
value is 0 84 of the normal, and them e if the nppisite pile is absent 
it rapidly falls, as shown by the upp*r curve of Fig. 252. 

In the above case of a pole making a tight angle wit It the armature 
core and apart from the presence of a M-cnml pile, the curve for the 
tlux-dendty of the fringe is closely 
approximated between the limits of 
v 2 l a and x Id l a if it is assumed' 
that the length of path of the lines 
entering the arma\ure fimq a N. pde 
or leaving it for a S. pile, at any poini 
distant i centimetres (measured on the 
armature sftrlace) fi<»m the p>lc-tip is 
made up of a straight portion \ 0 pin s 
a cur veil air of length *y, where 
C 0 9 X tt/ 2 ; the fiux-drtMtV is 

1*257 . 17 ', 

I- i a 

dose to the pde-edge, so that for greater act uracy in a numerical 
calculation un a<lditional multiplying factor tn may 1><- used, 

which has the allowing values- - 



loti. 251.' l rmge lr*un 
jm> 1< M.uik. 


then 


the flux-density 

This approximate expression fails luosewr 
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But now in the cast* of the ac.tuhl interpdar fringe the effect 
‘of the adjacent pole of opposite sign must be taken into account. 
Thjs causes ?he f\ux entering or leaving the armature core to become 
zero within the interp Jar gap, and on no load.it is evident from 
considerations of symmetry that the zero pant occurs on the line 

* * M % 

1 " Note on Air-gap Induction,” Jomh. t\E.E , Vol. 29, p .929. See alao 
J. F. H. Douglas. ” The Reluctance rt 'So r«e Irregular Fields,” Tram. Amtr. 
I.E.E. . Vol. M, Pt. I, p, 1067. and Ft M. Koeterink, Arch iv fur hlektroUchnik, 
Vol. 7. 1919. p. 292. 
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anti a ix>lc-edge at right angles to it may l>e multiplied by a factor 
09 i I, 

v r - , , where v the angle in circular measure made bv t)u* 

0-9 y x * l * » 

pole-edge with a Ime joining the ptile^ip to a j>oint midway towards 
the intcrpolar line of symmetfv: Such ^opioximate correction 
factors are addtM in the uj>jht part of lig 252 

The above ideal cast*. e\\*n when corrected tor the irphuation 
of the pole-edges, tails to lejflAent strut ly the true case ot the 
actual armature lor reasons to \e explained in ( hapter Will, 
but the results of Fig. 252 art* sufficiently .teaV to the truth to warrant 
their application to practical um\ By theiV aid with incteasing 
values of y fiom 90 to 140 , the cm n s of log. 252 have been plowed 
which have now to be explained. * » * 


K 



• The addition. d number of useful lines entering’ the armature 
core as a fringe along any edge may be taken into account by assum- 
ing the normal dentils B a to hold over the entile ]x tie-face, and by 
theft adding along J he edge in rpiestion the |x‘i meant c of an addi- 
tional strip of air. This strip must be of sujh width that with a 
lepgth of path through it equal to "Ihq normal l fJ , and with the 
normal density H v assumed to be caused in it by 1 257 A I the 
required addition to the flux is obtained. The effective pidth of 
* the equivalent strip of rir along the edge parallel to th* axis of 
relation will in<genera!dx* different from its width along the flanks 
of the pole-shoes. Thus the width of Ihe st-rips producing the 
equivalent of the interpolar fringe will depend upon the ratio c\l,. 
On the other hand* if a be- the arrv>in*t by which at each etttl the 
armature length exceeds that, of the pole-piece (Fig. 251), the 
width of the strip producing tlft* cqyiva(ent of the flank-fringe will 
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depend upon the ratio a/l,. In both cases the width of the strip 
may be expressed as a certain multiple of l r In Fig. 253, therefore, 
are given th£ values of the co-efficicnt K x by which in a smooth- 
core armature l g must be multiplied to obtain the joint effective 
width of the two strijis, one along each interpolar edge of a single 
pole, as determined from Fig. 2*2. 

( b ) The flay\k-jr\ngc. 

In Yrg. 25*1 is given an analogous < tirvv for -the value of the 
coefficient K t by which l a must be multiplied in order to obtain the 
joint width of the tyo equivalent strips one on each side-flank of 
the jHile-piece, for various values of afl g . f or small values of this 

ratio below' 1 the figures 
for A\ are rather small, 
since in such cases, when 
the pole-piece is nearly 
as long as the armature 
core, some lines do not 
enter on the circum- 
ference of the core, but 
curve, round into the 
ends, yet these line> 
hardly need r to be taken 
specially into account. 

(r) Ventilating ducts. * 
There remains to be 
taken into account the 
effect of ventilating ducts 
in reducing the effective 
area of the air-gap. As shown by the spacing of the lines 
in Fig. 255, the density of the flux diminishes towards the 
centre of each duct, so that if it be assumed 'that tire normal 
induction holds throughout the entire area, a certain propor- 
tion of the width of each duct w ti must be subtracted.- This 

proportion, as dependent upon the ratio has been given in 

a paper 1 by Mr. Carter, from which is derived the curve of Fig. 256. 
From the value of L f the axial length of the pole-face must therefore 
he deducted an amount equal to K $ \ m, multiplied by the number 
of similar ducts which are present. % 

If D be the diameter of the armature core, and l 9 the length of 
one air-gap, the length of arc subtending the polar angle at the mean 

* * , . . , , ^ w polar 0 an£le 

radius of the air-gap is f l 9 ) - — 

» Btofrkol World and Fttfint* of tfew York^ Vol. 38, p. 884. 
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In order to ttke into account the fringe at each of the four corners 
of the pole-piece, the strip along each flank may approximately be 

extended past the edge for a distance of * in either direct inn ; 



1'lG. 2ss. 1 n Ul witiuu .m ilu< t . 

i ♦ 

the total permeance is thus the sum of the thiee pmtiohs in parallel, 
nr if L r the actual width of the jH»lr-fa< e along the axis of the 
ai mature, 


A, Uj it,, ) 

I. 


AVa (A, I\ A , /„). 

l. 


(d ‘ A,Ai (/,, | A j A i ;i t a , i 

c • 



m I : ic. 25<?.“ Induction fur ventilating riyt.K • 

t # 

Hence the effective area (A the air-gap of the smooth bore armature is 
a, (A ' A',/,) [L , • j- KJ a - K } w d n d ) 

and from this is Calculated the nomvil %ir-f,'aj> density U, -- ( 1>J fa,, 
whence , 0 , 


AT, * 0-8 /!, /,, 
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| 7. Calculation of air-gap permeance of toothed armature.— 

Owing to the presence of open 'slots in a toothed armature the 
direction of tin- lines in the inter ferric gap is no longer strictly 
radial from jw»le to armature core, nor is tlmir density within the 
bore of the j>ofe piece uniform. Along the edges of the slots the 
lines curve round and enter 1 1*4: iron through the sicks or flanks 
of the teeth, and a*, iheir path U then longer than that ot the lines 
which enter direc tly through the face of the teeth their density 
is less, |*ig. 255 will, it. fact, ecpVllv well rep fese/.t the tield a bou* 


A ft A 

, i 

*; I ■ ! . 

v : V *V 


1 ' 


too. 257. Lines of tltiv in air i».ij 
toothed armature. iVmw.iUlitv 
teeth I Oil. 


a slot of which the width 
ic, is three.* tinier that of the 
gap. Thus the total llux 
is divided into bands of 
dense and weak density 
corresponding to the teeth 
and slots, as may be made 
visible by non filings intro- 
duced into the gap after 
the' method described bv 
Dettmar [E l./, vol. 21, 
’ p. 9-14 ). 4 he llux m the 

air-gap and the* actual 
curved paths o f the hinge 
at the* sl,,t -edges are aUo 
well shown by the' stream- 
line photographs (lag. 257) 
described at the beginning of 
$ (>. The gradual broaden- 
ing of each stream-line 
passing into the slot indi- 
cates the weakening of the 
deiisitv, or 1 conversely ♦.he 
to the number of stream lines cut per unit 


density is probation 
area in a plane normal to their direction. 

The permeance of the air-gap of the smooth armature (apart 
from tlu* fringes) being equal to the area under the pole-face divided 
by the normal length of the air-gap, the permeance in the case of 
a toothed armature is evidently less by some amount depending 
mainly upon the* relative proportion of the width of tooth to the 
ojxuiing of the slo"t and of tlu width of the slot to the air-gap. The 
question is, however, still more complicated, sin» e with any given 
values for the ratios of the width of the tooth at its top to the width of 
i he slot opening and .of the latter to the air-gap, i.e. with fixed values 
of u'ii/w, and wy7 # (Fig 25$) t^ie ratio of the permeance of the slotted 
armature to that of the smooth armature of the same dimensions 
may not always l>e the same if other conditions are much varied. 
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In the smooth-surface armature the bored face of the pole -piece 
and the portion of the armature cylinder corresyxmding thereto at 
once give two equipotential surfaces between which tfiere is a certain 
uniform loss of magnetic potential corresponding -to the air-gap 
excitation. But in»the case of th* ywithed armature the air-gap 
and teeth project, as it were, into oi e another, so that the mapping 
out of the boundaries that are to \x' assigned to the air-gap and 
teeth excitation respectively 4s not so easy a matter. In ^g. 258 
there have been drawn a number of equijHitential surfaces cutting 
the flux at right angles, and from tty* figure it will be seen that if an 
equipotential surface be taken which cointydt s with the iron surface 
along the tops of the teeth it will be crenellated round the periphery 
of the toothed iron core, since it dips downwards into the slrffs 
between the teeth. 

Let a point x be considered in the*iniddle oi the an -gap. lixed 
relatively to the 
jx>k\ in a line with 
the centre of one of 
the packets of which 
the armature is 
composed and 
opposite or nearly 
opposite to the 
centre of tile JHile- l ie, Fijui|HitMiti.il mugiu'lu Mir hues 

•face. The induction ^ of t<»'ilud arnMim. . • 

at this point v will * 

then vary in f ine, as the toothed armature rotates, and the opening 
of a slot comes opposite to it : its instantaneous value at time / may 
lx* symbolised as H r t and it will puss through a cyi le oj values in 
the time required for a tooth-pitch to pass by tire point x. When 
the centre of thj crown of a tooth in the packet is exactly opposite 
to the point x, “he mduction B gi will reach its maximum value, 1 
which may he symbolized as B g ***. (’oiiesjKinding thereto, there 
will lx* a certain difference of magnetic jwdcntial across from one 
side lo the other oUthe air-gap, viz , B g ^ i § 1 257 AT gt and 
this provides us with a measure for the amjv*rc-turns of air-gap 
excitation exjxnded between the two equips ential surfaces that 
are to be used, the one being the bored face of the pole, and the 
yther coinciding with the tips of the teeth hut dipping downwards 
into the slot* Now the a\ erage value of B g ^ over a toofli-cycle 

• , 

1 The point of maximum* induction the iron surface of a tooth *w;c urs 
along the comer at its extreme edge ; this Uical effect*does not spread to uiw 
great distance through fhc air-gap from the iron edge towards the poJc^oce, 
but it makes it necessary to define m ^ x as ahe mean between the density 
at the centre of a tooth and the maximum on the polc-surfacc winch occurs 
opposite to it. # The increased derfsit.es at the edges of the teeth are well 
shown in I>r. T. F. Wall’s experiments i Jou\n. / l .E , Vol. 40, p. 550), 
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will also be the maximum average value of B § ovet a tooth-pitch 
between the lines CD* Ilf (Fig. 259), and since it does not vary in 
time, will be Written B 9 : although an average over a tooth- 
pitch, it is a maximum owing to our choice of the jxjsition to be 
considered, viz., nearly opfxjsit ; to the centre of a pole and along 
the central line of a ^packet of^lscs. It is this constant quantity 
which has been intended in previous equations containing B 0m0X , 
and th* use of whidi it is pnqwsed *o continue, its great service- 
ablene s’in design being due to fact that frolh it can quickly 
he found tin: uncorrected deiis^y B\ at any action of the tooth. 

Next, l. t I 257 AT l*. ft, m „ ,<Kl,. Tlwn A and Kl, 

‘*9 max 

is^fhe effei tiv«‘ Iriigth of the ay path between the two cquipotential 

surfaces if they were 
concentric as they would 
be with a smooth core, 
but with the same venti- 
lating ducts. A defini- 
tion of the air-gap of 
the toothed armature of 
which the permeance is 
to he found is thus 
obtained. The difficulty 
>till remains that K is 
not strictly a constant 
even with the same 
values of iCfj/iCj, and u' $ jl a ; it is also, although to a less degree, 
dependent upon the depth of the dot, upon the taper of the tetjth, 
and upon their permeability, since upon these latter factors 
depends the exact curvature of the lines within the slot , and there- 
fore the depth of the crenellations of the equipotential surface. 
Why this should be so is rendered more evide.it if. we consider Vhc 
extreme cases of a very shallow slot, and secondly of a highly 
tapered tooth. 

In the actual armature' there is always present a tendency for 
some flux to pass straight down the centre line of a slot into its 
bottom surface with a density inversely proportional to the dr.ect 
distance from the pole-face .*o the bottom. Such a tendency is 
not very evident 4 in Figs. 257 and 248, since here the sides of the 
teeth dre parallel, and their permeability is consta.it and high, 
so that little potential is absorbed over tlieir lerfgth, even thobgh 
the depth of the slot is considerable. Suctl a tendency is, however, 
well shown in other Stream-line diagrams giver in the above quoted 
paper of Professor Hole -Shaw , Dr. Ray, and Mr. Powell, and it 
would strengthened if the Feluclarcc of the teeth were increased ; 
the large number of ampere-turns expended over the teeth would 
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1'k; 2W) - Shallow 


then be available for assisting t.wards such afield, the lines within 
the slot would be slightly straightened, and the equips eiitiul surface 
defining the air-gap would fall at a higher level within the slot. 
Still t*»ore would this be the case when the slots aie very shallow, 
as in Fig. 260, when the lines woudjx' furtlier straightened, and 
the proportion of the flux entering the faces > i the teeth would Ik* 
higher than in an armature with the same value's of n tl , rr,. and l 0 , 
but with deep slots. * ft* 

* Again, if the taper of the tooth is considerable' (Fig. 261 ), the same* 
straightening effect is produced: Hhe denritv at tlie root would 
rise to such a high value • 

that lints begin again in 
appreciable numbers to 
issue forth into the slot 
as there shown. The 
taper of the tooth is 
itself related to the iati<» 
of the area at the* root to 
the area at the top, whi< h 
has been already div- 
cussed in Chapter XI II, 

§ 

But enough lias been 
said to show that J\ is 
■hot strictly determined 
solely from the compara- 
live values of air-gap and 
wic^th* of slot and teeth, 
but is a l*o dependent 
upon the magnetic con- 
dition of the t wet h and 
the depth of the dot. 

In order, therefore, Ip simplify the pinbldn. miiiip of the* loss 
important factors which enter into it must be discarded, and only 
such variables be regained .is suffice' to determine with reasonable 
accuracy the cases which occur in ordir oy practice*. Tire assump- 
tion may at once be made? that the iron (Vetl? aic* very permeable 
as compared with the* air, that the rides of each tooth are sensibly 
parallel, so far at least as the entrants of ihe sl#t are confined ; 
and, further, 1 hat the? deptn of the slot is bv comparison so great 
thafno lines penetrate to; he bottom M it. With these simplifications 
the mathematical solution of Mr. C, frier, on which is based lug. 256, 
i$ a&o applicable-#. o *hc determination of the effective length 
air-gap, and has been so applied by him m the above quoted paper. 1 
The validity *<of these assumptions, and the accuracy, of the 

1 " Air-Gap Induction," BUcl. World anl Engineer, 30th November, 1901. 
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mathematical results when appliecHo the practical cases of slotted 
armatures, are amply borne out by the stream-line figures obtained 
by Professor Hele-Shaw, Dr, Hay, and Mr. Powell, and by the experi- 
ments of l)r. T F. Wall {Journal l.E.E . , vol. 40, p. 550). 1 ‘While 
the case of an air-durt is no t conveniently treated as reducing 



O » i 


the effective area of the air-gap, the case of teeth and slots spread 
over the whole area is best treated loathe reason gj^ven above as 
increasing the effective lengt It oj the gap. The contraction coefficient 
upon the supposition that Bg held over the peripheral length of 
a tooth-pitch when this is reduced by subtracting A", w t fropi it 

1 For the effect of tooth reluctance and for the small influence of the depth 
of slot, if not very shallow, set' esyetWly F. M. Kocterink, Arckiv fur Elehtro * 
teckmk, Vol. 7, i 9 1 9, p. 292. Cp. ako V.. Cans. Archil* /t5r EltktroUchmik, 
Vol. 9, 1920, p. 231. * * ‘ 
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would be C 


*n +w. (I KJ 


The extension coefficient is then 


"n 

A 


u ti 4- a , 

“u *r l 1 ^ 3 ) 


• • 

Since B t m0x ■ ( X B, mAli we tm - reach the same value for 
AT 0 , either as "8B, mu . /(, or as 0 8/)„ „ (<l/ . Kl„ In tins way, 
therefore, is constructed the s*t of curves given in Fig. the 

<4>eflicient K by which the diuc< distance from the tips of the 
teeth to the pole-face must be multiplied m order to obtain the 
effective length of air-gap, «u the J 1 9 asfcah ulated for a smooth 
core must be multiplied to obtain the ir.d .VI g of the toothed 
armature. 1 * • 

For the case of half-closed Hots the same <ui\es nva\ again or 
used, but with the values of 1\ inci ca>e<t by 2 uj li pel cent., a*, being 
replaced bv the .u tual slot opening u' 3 . (,'oinpai eon of Mr. Powells 
figures- with Mr. Caitci’s results shows that the widening of the 
slot below the mouth increases K. as rtuglrt be expected. but in 
practical cases only by a small pen entage, unless • it he r the oveihang 
be very gieat t *1 the lip bcwviy t)nn # in wlmli <ases the increase 
in the value of K may use to 8 or 9 per cent. 

Whell the ]*>le hue is slotted as well as t)u* ainutuie surlace, 
%.e. when budi rotor and stator air toothed, as m tmbo-alteinalors 
with nort-salieiit j*>les, an empm< al foinmla :l gives foi the combined 
*CSlllt * 


K { (AjJPjt 1 l<i : k 2 I). . . (112) 


where k l and A, are the calculated e\t< n-i«»n ( oeiti< ieiits ioi the whole 
air-gap length for mini and statoi sepaiatelv with the opposite 
face assumed *o be unslotted. 

Given the *aluc of A / g and of B g „, ax m the toothed aimaluie, 
the detel niinati* *ti of the total air-gap jviiiieante ,uul of the total 
tlux of a pole-piu h <b a . at lea 4 to a < lose drgier of approximation, 
does not present any serious difficulty. J he tlux of a tootli -pit< h 
right across the axial length of the aimatuie is closely 

Bg («*ll t‘ (I-f i Aj/y A 3 tC d f t d ). 

Thi% assumes that for the saute axial project i<m in the toothed as 
in the smooth armature beyond the pole-piece edge, the effective 
joint width of the flank-fringes KJ g is the same in spite of the surface 
of the armatufe surface being partiallyVut away by the slots* But 
sine* this width v only reckoned being filled with flux at the 
density B 9 max whereas* at the ccyitre of a tootli the width 

1 for the same value* plotted on u different method, see T. C Pa^JJitf 
Elicit., 8th Jan., 1909. * Jour*. /.£.£> Vo*. 40. p. 2'M). 

* For which the wnter is indebted to Nfrr Hague, <>f the ( tty and Guilds 
(Knjpneenni?) GrtUgo. For ? <liff<*cnt formula, m*t F. W. Carte’:, Trans. 
Atncr. / EE. Yol 34, Part J, p HU?, and l-Trh . V* .1 HI. p. 400. 
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is actually filled at the density Bg mMt the enor involved is 
inappreciable. 

As regards ‘the inter polar fringe, the inlhience of the dent at ed 
surface becomes less important towards the centre of the intrjpolar 
gap, where the path of the line , from the pule Jo the armature core 
is in any case of considerable V.igth. It is only therefore near to 
the |>ole<‘dge that the density of the fringe is mu h reduced owing 
to the broken surface of the core. r t therefore sufln.es, as in the 
previous case, to assume the sano peripheral width of fringe as in 
the smooth armature, viz. A'/ , filled with the denuty B a max . 

The same expression for the effective? area of the air-gap, a 9 , 
as given in § 6 for the smooth armature, will thus be retained for 
tie* toothed armature, viz., 

a, {A' I AV.X/./J K-L * • (113) 

but 

AT, 0-8 /*. . A7„ (Ib’} 


The total air-gap reluctance of one l»ole-pi?eh i> 

A7„ 

(.1 i [I f f Aj/j, A 3 u (l n d \ 

d l ~/y/ ,/tf ‘ •' *V «/ 1 ’ KJ, - Ks'n ) 


Bfj max 

The mean density over the whole of t lit 
hPtf max 

d>, 

t r(/> | l,)l*!2f> 

w hence 

(.1 \ K{1 9 ) [Lf t - A 3 it t/ )>4 

*(/> | /,) A;2/> 


\ 

area "f a i*>le -pitch. i.c. 


. ois) 


For a given type of construction in which the pumber of ventilating 
ducts is proportion^! to I f or L, k becomes practically a constant, 
and for continuoiisy:urr**nt machines may be taken for the .pre- 
liminary processes of design with commutating j>oles as 0-66 to 0-7. 

It li^ts above been assumed in both the smooth and toothed cases 
that tlie bore of tfie poles is concentric with the armature. When it is 
larger or the pole-edges are nyich chamfered off* so that Iron* the 
centre of the pole /„ increases considerably, B 9 should strictly 
\)e calculated separately for each tooth-pitch, and the mean of the 
valties be derived t here fn*m, t but it often suffices to take a mean 
value for l t under the pole-f*c<* « 

The \<idth K 3 n d always exceeds A' t 7„ and the net amount by 
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which L f is red i iced as a general rule more or less nearly balances 
Kft § , so that roughly 


n[D + l t )B 

• "" 2 f ' X ' f 


(»«) 


Willi Commutating poles ft 0-88 ty 8 - 7 , and tlreictoie also k. 

§ 8. Calculation o! reluctance o! teeth in toothed armatures, 

The next question is the determination of the auqvrc-tui tis mo^ssai v 
to carry the lines thiuugh the tet :h and sl«»tV loan the equips mial 
surface AH to the unbioken cucle outlie cure level with the bottom 
of the teeth (Fig. 258 . In ofder to ieaclga suitable density m the 
air-gap and to limit the reaction of the ai mat are ampcir turns mi 
the held it is advisable to wmk the t<;etl» at a high density, so tlaft 
it Incomes necessary to calculate closely the ainjvn -Inins ieqwmd 
oyer the teeth, especially when they ate deep and idik h mimed 
in area at the bottom owing to then tapenng shape. 

The commonly accepted met hot 1 1 of eah ulating the ampcir turns 
of exiitat ion 'expended over the teeth lla#s]utird aimatuie pr - 
supposes that teeth and slots may be divided into a number of 
corresjHmding transverse sections fisyn tip to root, and that m 
parallel with e.u h section of non ati<>ss a tooth is a t onesjwuuling 
strij> of air extending across the width of half the sjnt on fit hei side, 
and of the sune ladial de]>th ; next , that the total flu \ coi icq Maul- 
ing to the width of the tooth-pitch U ill the « ,IM' of ea< li small serlioii 
«livided between the two parallel paths of an and iion in pmpoitiou 
to their respective permeances. On Midi an assumption, as the 
section of a ttoth tajn.Ts, tin* sides o( the slut being III mo l < ases 
parallel , the probation of the total flux win* h is < -allied by the iion 
progressively decreases as the root of the tooth is approached ; 
the* density in the tooth piogiessively ri-es aihl mayieach a vei y high 
figure, yet fioin this very fact the reluctant e of the ijon iuuc.iMs, 
and lines are, a - it 'vie, squeezed out into the slot. Although 
the method in question is far imtn tmin tly rejneseiiting the a< tual 
facts in the region near the ( town of the teeth, it becomes increas- 
ing! v # ti lie as the root#»f the t< »ot h is appioached, and <»n this act mint 
as will be seen later, il yields practical results of value. The method, 
strittlv speaking, assumes that the eqmpotefitial surfaces divide 
tooth and slot into a number of concentric layers ; in reality they 
gonsist of a number of ridges and depressions, sopiewhaf a%: how n 
in Fig. 258, «nd these gradually became more and more Vpiare- 
corflered blit of l<ss depth as we approach the bottom of the slots, 
until they finally become nearly congentrir ( ircles. The experiments 
of Professor Hele-Slyiw, Dr. Hay, and Mr. P<nvell show, as inigltf 
be expected, that the flux in "each tootlusituated well undei a pole, 

1 Due to P£rshall and Hobart, " Electric Generators," F.^incering, 
Vol. 66, p. 130. * 
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so far from diminishing progressively as we move from tip to foot, 
increases at first for about half the length of the tooth, but shows 
a reduction again towards the root. This, however, only occurs 
when the flux “density, approximately shaking, begins to risa^bove 
H t 20,fH)0, and it is tla n th it the method finds its application 
in practice. If the ptiuntag# which the flux eatried by a tooth 
beats to the total flux corresponding to the tooth-pitch is plotted 
in rekpjon to distance along the teetlr flout tip to root, such typical 






H'f Hf 

trf • ™ Tr - + ata - oe» 

a* un r iin» 

Kni. -■ Tlux-Urny tv in teeth of slutted armature . 


curves ^cs those in the upper part of Fig. 2txl are obtained. wluc\i 
show that for moderate densities in tlw* air-gap and* teeth nearly 
all the flux finds its way into^he teeth. <and the percentage may 
rise to closer upon *100 |vr cent, even at thfc root. But as tlie flux- 
tensities in the air-gap are increased the apves gradually bend 
ovef ; the maximum occurs nearer to the tip, and further, this 
maximum itself usually beam jfitgjressively lower and lower ratios 
to the tdtal flux. , 
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If all the flux passed through the iron tooth'fronrtip to root, the 
curtfe of flux -density plotted ia relation to distance from the tip , 
towards the root, being proportional to the 1 ecipr oc*J of the width, 
would ' be convex when viewed from the axis of distance along 
the tooth, while, if lines passed out of the tooth owing to its 
increasing reluctance into the slot, t u* urves would be straightened 
and finally become concave. When the experimentally obtained 
densities are plotted the curves are found always t^> In* concave, 
and towards th^ crown of the tooth fall .below the curv^# which 



Pig. 264 . --Aunt re turns prr centimrtre !»'Hgth of tooth, •Mirp vjxmlmg 
to Fig. 26 a 

• 

resuk from supposing the flux to be divided between iron and air 
strips in proper tidh to .their relative permeances. 'Jims the # 
tooth gains a considerable number of hues at f.rst, and the increase 
is rapid ; as the reluctance rises, the increase falls off, yet on 
the whole there are always more lines in the tooth at its root than 
•jt its tip. Thus eoircsj Handing to Jhe upper curves of Fig. 263 
ar<j the curves of the lower part, and it is from such curves as 
these that the anipcrc-Jums of extitation over the teeth must be 
estimated. Owing to the bunching of the lines at the comers of 
the teeth the density is th$re somewhat in excess of the dejisfly 
at the centre of the crown of the, toofh — an effect which may be 
seen in the Stream-line Jigures flhisfrating the pa ] xr of Professor 
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Heie-Shaw and Ur. Hay. The ratio wjw tl choseji for illustra- 
tion being about Q-8, and the 4iux within the teeth being 
assumed to b\* concentrated entirely in the iron without any 
allowance for the paper or other insulation between the discs, the 
flux-density clt/ie up to the tips of the teeth is about 1-66* Yuiies 
the mean density of the air-g'ijf, so that the tip densities of 10,000, 
12, MX), and 14, (XX) Vorrcspont* roughly to the air-gap densities 
i>f fi 9 6, (XX), 7,2<X), and 8,5(X) of the upper part of the figure. 

If tk.; specific ampere-turns required per centimetre length, in 
accordance vvitli bigs. 209 and 210, are now plotted in relation to 
. distance along the tooth for each the curves of Fig. 268, we obtain 
the three sets of curves Of Fig. 264, corresponding respectively to 
the tip densities of 10, (XX), 12, (MX), and 14,000. An examination 
* ot these suffices to emphasize the great divergencies produced by 
even comparatively small differences in the amount of reduction 
of area at the root as compared with t Ik* area at the tip of the tooth ; 
and also lnnv complex is the effect of differences of ail -gap and depth 
of slot in causing entirely different shapes of the curve The mean 
number of ampeie-tuihs per centimetre has been added to each 
curve, and it will be seen that on the whole the most decisive factor 
is the degree of reduction of the area at /he root, i.g. the curves (III) 
for 48 teeth, with which the reduction of area is less, fall uniformly 
much below those (I and II) for 86 teeth. 

It is evident that the specific ampci e-turns per centimetre towards 
the root of the tooth have a much greater influence than those 
towards the crown, and it is for this Reason that the method which 
is based upon the assumption of coi responding strips of iron and 
air in parallel affords in practice a reliable guide to the ampere- 
turns expended over the teeth, especially over the narrower p&.rt 
of each tooth, since it enables us to check the greatest density 
likely to arise at the root, when the total flu x is divided between 
a small strip of iron at the root of the tooth and small strips of *dr 
across the slot and in the ducts in proportion to (heir relative 
permeances. 

We are thus led finally to a division of the tooth into two lialvo^ — 
from the crown to the centre and from the centre to the root— 
and their separate treatments the former on a basi> of 80 to 85 per 
cent, of the total flux of if tooth-pitch as present in the iron at the 
crown, increasing to 95 to 100 jht cent, at the centre as indicated 
by the turves of lug. 268 or ,as calculated from the proportion/ 
of iron* and air, and the latter on tfie v basis pf tlie corrected 
densities calculated on the assu/hption of st r ips of air and iron in 
parallel. 

*ri\e total flux of a tooth-pitch tuke.n right Across the armature 
core under the centre of a |A>le w i% 

. max («’U »- »») (/■/•+’ K 3 If, M,f 



• THE A MPERE-TUltNS OF THE FIELD 


501 


At any height up the tooth, the area of iron in the section of a 
tooth-pitch across the over-all length L of the core is 
, W t fl(L-W 4 .K 4 ) 

whtr; t] sss the efficiency coefficient of the padfing of the insulated 
discs, say, 90 per fent. 

Tlie apparent or uncorrected fli /-density at any section of a 
tooth, is therefore 

U 'tf tt’s ^ Lf 1 Aj/ C A 3 ifj ft d 
u t rj (/. a j . n d ^ 


#'t H, , 


'a mat 

* 

U t 


where Q {w n \- »*,) 


I f 4 A 7#~ A a uv» d 


»?(/-■ a d . « 4# ) 

It will be seen that by the use of it becomes unnecessary to 

calculate the number of teeth under the pole carrying the major 
‘part of the flux <I> a . Further, for a machine of giwn dimensions 
Q can be calculated once for all, and we tl*en have 


rnconeeted density at the croyn, Ji n 
,, .. .. cent l e. />" fr 


loot . 


ir n 


U . 1L 


o ir 


o . n a 


It may also in passing be mentioned that it I. f j KJ a be identified 
with L froii . which it differs but lit tit*, the last hud ion in the 


expression for (1 becomes 


u*j 0 - K*)] 



u here / is tlie axial 


hngth of an irot: packet and /, (« d i 1]/ I ^m< c there 

is, say, a J-inch ventilating dm t between adjacent iion packets, 
each 3 inches wide, thts reduces in average < ays appioximately tn 


J_ J 
(b9 X 0 9 


081 


as given in equation (9S i 


# Next, on the assumption of strips of irorf and air in parallel, at 
any section across a tooth-pitch let K t the ratio of the total 
•combined section of iron and air ty tlie net section of iiwn alone. 
Iy> value, which is unity for solid iron without air-spaces will rise 
according to the amoupt of air in Slots, ducts and insulating laminae 
between the discs. It cannot be less than 1 jrj say, Ml, and it 
may rise to as* much as 4 # at the roots of the teeth of a twp-polc 
turbo rotpr, when there are mapv arid wide ducts and wide slots. 
Then if H bfc the magnetizing identity acting over 1 cm, length of 
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iron and giving therein a real density of B v the apparent density if 
the total flux in both iron and air bfc imagined to be concentrated 
within the iron 1 is 

n; iu -f tf(AV-i) 

u li t f 1-257 at (K, ~ 1) 

where at is the sjhm ilic nmifber of ampere-turns pci cm. length 
required to give B t in the iron nt the teeth. It is therefore easy to 
construct from an original B t , at curve a set of curves connecting 
li\ and }> t for different values of as shown in Fig. 265. 

Considering the width of a tooth-pitch, its total section .it any 
height up the tooth an 1 a< loss the V ngtii /. of the emt* is (w t j w,)I, 
and the area of iron being n t tj (/. w d . n d ), 
u\ ! ?»• /. 

A, . , ’ n • (117) 

r a t V){I- “a U j} 


U't I w, 

h t 

, L 

V (A w’a « d ) 
for all for a given machine, and we have 


The* value of (/ 


n‘ 


, < an also be worked out once and 


at the centre of a tooth, A 


and ,, root 


111, A\ f 

Ulr - r “ ’ v (/ 

u te 

K n 

✓ o' 


The method recommended for calculating the ampeie-turns icquirvcl 
over the whole length of a tooth is then as follows - 

(1) From the crown to the centre . Assuming 85 and 95 jvr cent, 
of tlu' total flux <»1 a tooth-pitch as present in the iron at the c rown 
and at the centre* respectively, the correc ted densities, are H n 
Ii' n X 0*85 ai^l /> fr Ii\ Q x 0*95, for which tit*' corre>jH»nd- 
ing value's at l and at (r for the specific' ampere-turns jn-r cm. 
length are found from Fig. 211. The value for B u may also be 
checked by compaiison with Fig. 265 for tlu* given value of % te . 
and the value for at u thence found. Up to this paint since the den- 
sities do not, as a ruin, much exceed 19,000, the difference between 
the apparent and real* densities is small, and further the average 
value of the ampere-turns per rni. length does not exceed greatly 
the arithmetical nipan of the maximum and minimum values. 
The ampere-turns required from crown ti/ centre of tooth are thus 
IK h at, c ) l,/2. 

The actual curve of at being convex when viewed from the horizontal 
« • «. 

1 Throughout the following, sqi 6* Neville 6n " Magnetic Calculations for 
Tapered Teeth " in Hawkins, Smith. %. ry t Neville, Papers on the Design of 
Alternating'^ Htrent Machinery, p. 255. r ‘ 



a scale 
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axis of abscissae, the ampere-turns for the wider part of the tooth 
are thus over-estimated, but by 'comparison with those /or the 
narrower part of the tooth the inaccuracy is not usually of any 
serious account. 1 

(2) From the centre to the root 4 The simplest and best procedure 
for calculating the ajnpere-tMtts t ,for tapering teeth when highly 
saturated at the root is the modified form of Bird's method which 
has ix*cn worked out by Mr. Neville,* requiring the curves repro- 
duced ih\Fig. 2R5. The. values for„the un< orrectei* density at the 
root and for the corresponding slot ratio, K n , have already been 
give n, faking then ..the uncoiVected density on the low'er 
horizontal scale, the Y J due of the n*al B tl for the particular value 
of K tJ is read off from the vertical scale and also along the same 
* horptordul line the corresponding value of the integral, viz. a t . 
The sam\* pioross is repeated (or a lower value of Jt t at a wider part 
of the tooth, and a smaller value of </ is found. The average 
excitation per cm length of the portion of the tooth considered 
is then 


«Uv 


a % - a 

From the centre of tin* tooth onwards to its root, the method finds 
its application, so that in our ease tor t to* nut rower half of the tooth 

it.% 

• • • (US) 

n t2 n tc 

Tims from lug. 2(>5 i-. found U n . and, the tun values of a for B n 
and P tl! respectively for in-eition in (1 18). file total ampere-turns 
expended" over the length of a tooth are then 

• 1 / ( j.J K !-<«/,,) i • • (1180 

If the exact rquipoteiiti il sut faces in tooth and slot atidtheexarj 
distribution of the flux were known, a more accurate deferminatinn 
could be made graphically by plotting the specific a pipe re-turns ;r; 
in Fig. 264 and integrating the area by planimeter to find the mean 
ordinate. 3 But the relative proportions in 'which the flux should 
be assigned to tooth and slot are seldom so accurately known as to 
warrant any great degree of refinement in fhe method of calculation, 
although for irregularly shafted teeth the graphical method cs 
invaluable. 


1 If greater accuracy is desirable, when the tooth is highly tapered and the 
uncone'cted densities a re high, a Ixdtcr division of the tooth w«uld loe into 
thirds, one -third from the crown Ixing dealt with a-i above, paving two- thirds 
to be dealt with by the method now Vo be described. 

• 4 ‘ The Calculation 6f Tooth KelucVuice," Joxim. I.E.E., Vol. 58, p. 61. 
~p. also Mr. Neville's paper on “ Magnetic Calculations for Tapered Teeth*" 
n Fafvrs tm the Design of Alternating Cunent Machinery, by Hawkins, 
Smith and Neville (Sir Isaac Pitnton Vfc^Sous), p. 255. 

* Cp. Hawkins, Smith ami NoviRe, Rapgrs on the Design of Alternating 
Current M<uAin*ry t p. 258, and Fig|. 20, Vina 5, pf , 99, 158. 
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1,1. Calculation of ampere4nms for i multipolar field-magnet.-- 

The above methods of calculation will now lx* applied to the design 
of an ? 80-kilowatt 4-pole dynamo with slotted *dfum armature, 
giving an output of 350 amperes at a pressure *uf J30 volts at the 
dynamo terminals jvhen running it 500 revolutions jvr minute. 
The chief dimensions of the iron .afiase which forms the magnetic 
circuit are givendn lug. 266, from which it will be seen that it Jias 
an external circular yok^-ring of cast steel with circular ^ok-s of 
rolled ingot imif bolted to «he inside of flie ring. The Armature 
core is 2K in diameter x IK long, and a preliminary estimate will 
lead us to allow an internal loss f»f volts #d ..bout 0 volts ovei the 
resistance of the armature winding, to which must be added a loss 
of 2 volts over the two sets of carbon brushes and uf 1 volt over the 
series winding of the field, assuming it to be ouu^c iund$wo\fhd. 
The total K.M.Iu which it must geift*rate is therefore 239 volts, 
and it is to have 45(1 active conductois arranged .is a simple lap 
Winding in 75 slots each containing 6 wires, in two layeis of tluee 
abreast. Tlfen* e bv equation (44ci) • • 

>( M 1 

/ fl 239 volt* <I> fl x 450 v ' , < 10** 

a • a * 6<> 


and <I> a 0 38 x In* line s per pole. 

The sing’v' au-gap ^ 0 3125" • 0-794 ceiitimetie. ami tlie length 
of the armature c me ext eeds that of the |>ole-f.u e by J v on each side. 
• Idle wiclth of the polar ate of 03° at the* mean diameter *tf 21 3125" 
is A' 11-7*, and th* half fnteijvdar gap measured nil tli<* cir- 


cumference*. ot the ai mature c 


IV 


13 5 
360 


2 47, whence 


c 7-9. From the lowest cum <*< lug. 253, K x 2-27, so tbit 
th# effectivejireadth of the air-gap is .1' I # /\j . /„ 117 ? 0 71 

12 4 r 31-5 centimetres. • 

a • 0-25 

The ratio ~ being -~;~™ -•-= 08, the- value* «»f /\ 2 fmni lug. 254 

lg V 

is I,»md K 2 .l g - 0 3125". The ratio of the width « »f an air -dint 
* a* jj • 0 1 5 

to the air-gap being y 10. f \ ■, fi*»m lug. 2.50 is 0 24, 

so That the amount to be deducted is K z w d )i H 0*24 X 0*5 x 3 

0*36". The effective width of the air-gap across the core is therefore 

' L f f K x l,*- AT, w 4 n - H>5* (- 0-3125 - 036 , - 10 1525' 86-6 cm. 


"fhc effective area of .the air-gap' is therefore by equation (113) 
26*6 X 31 *5 = 838 sq. cm., and the density over it which is a bo 
the maximum densify is . * 


mix 


6,380, M) 

• - '.610 




magnetic circuit <>f 4-i</!e armature. 21 in. diameter : 11 in. 
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Taking the separate elements of the magnetic tireuit in the order 
of equation (108), we have — • 

(1) The armature core below the teeth, requiring AT e ampere- 
turns* The depth of a slot being 1 4', the diameter o/ the armature 
core below the slots is 18*2', and the internal diameter of the discs 
where they begin to* I k? cut away by \tmtilatiqg ajvrt tires is 1075*. 
The radial drptlj of iron between ftiese two limits is therefore on 
either side h e 3725'. Alyng the length of the wire th^re*aie 
jhree air-ducts etch j* w ide ; af;e # r deducting their total with h from 
the gioss length of the core, and also after allowing 10 per cent, 
for the space occupied by tlu*inMil.Aion betwgm the discs, the net 
length of iron is I u 0-5' x 0*9 8 5i>V The net area of iron 

in the two cross-sections between whi< h the flux issuing from a p4e 
is divided is therein) c 2h c L t 2 :< Tl 725 >: 8 55 square inches =* 
412 square centimetres. The maximum densit y ovei a t mss- sect ion 
between the poles is thus 


8,380,000 

412 


,15,ty0 


The mean length of path though the armature is shown in Fig. 266 
by the dotted line’maiked / c . # 

By reference to the curves of Fig.* 211 for stamped armature 
discs, it will be seen that for a density of 15,500 lines ]>er square 
centimetre an excitation of about 25 ampere-turns p*r centimetre 
^length of path is required. It is, however, only between the pole-tips 
that t lie maximum density obtains ; across a section under the centre 
of a pole B c is to, and midway b< tween these e xtremes the necessary 
excitation i% only about 5 umperc-tuins per centimetre length of 
path. On the other ha*nd, it must he remembered that, as punted 
out in Chapter XIV, § 12, and Chaptci XI U, 5 38, the above calcu- 
lated maxinfhm B f is averaged over the whole of an interjxdar 
cross-section, aiftlih^t, as shown in Fig. 221, the local density may 
be liiglier over a shoit length of path. A fair value will therefore 
be obtained for the anq>ere-turns over the core if we assume the 
abo\1i maximum B c $ o hold over a length of path shorter than that 
shown in Fig. 266, but longer than the intnpolai spice and equal 
approximately to 0 4 of the pile-pitch, Ay # 6-6Y- 1675 centimetres. 
Hence 

AT C al e . l t 2 - 25 X 8 375 210 ampere-turnip 

^ A * ® 

Even if sudf an estimate is not quite correct, an error here will 
produce but little effect/on the totill result. 

(2) The armature teeth, requiring A T t ampere-turns. 

'Die width of tftoath-pitcli at the surface, centre and root oStfle 
n X 21 •* * 7r X 19*6 

teeth respectively hieing 0*88 in., — 0-821 in., 
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and 


* >LJ 82 

75 


0763 in,, and the width of slot being 0-4 in., the 


widths of a tooth at its crown, centre and root are 0*48, 0-421 and 
0-363 in. The. value of Q is 


(«'« 



-i-_ K 4, - ftj 
rf'J- - ■ t-t) 


0 88 X 


10-45 


855 


1075 


and H, m<u Q ‘ 7.610 x 1-075 = 8,105, while </ 1 1/8 55 1 29. 

Hence ' * • 


Uncorrected Denuty. 
At the crown - 


At t he < mitre 
, 8,195 


0*121 


19,500 


At the root - 

... ,„ h - I! » s , 2 .,„ 0 
11 '*o:w:i ■ 


Slot Ratio* * Corrected density. 

H tl 17.000 :;0 S.S 

14,450 at >14*8 


I -29 


0 821 
0-421 


2-52 


From Fig 205, Ii u 

-19,280 a 0 -0-4 

I'Vom Fig. 21 1 1 at (c 180 


h \i 


12^ 


0*708 

ikk>;» 


'* 2*7 Ip 

a 


From Fig. 285, H tt 

^21,500 a,™ 1*1 


In the lower half of the tooth, therefore 

(M-(M)10* 700 

* at ° v 21,5 00 - 19,280 2-22 Mh 

By equation (119) the length of a tooth being l t ■■■ 14" 3 56 cm., 

/1 7< { j (14 8 b 180) -b 3H>| x 178 

173 f 562 - 735. 

(3) The air-gaps, roquiiing AT a ampere-turns. 

u\ 0*4 7*' v)-48 

hor the ratios -- - -*■— 1*28, and — - 1-2, the 

l g 0*312r> u' t 0*4 

value of K from Fig. 262 is 1*09. Thenre by equation (114) * 

AT 9 - 0*8/1, W(Wf . Kl t ; 0*8 X 7610 X 1*09 x 0794 - 5275 

The extreme edges ot the* polo-tips are slightly opened out, but the 
percentage effect will be so sifiall that it may be neglected, or, say, 

A T g — * 5 , 300 . ‘ ■ , 

(4) The back ampere-turns, AJ\, 4 1 

The method by which these* are calculated will be given in * 

Ckapter XIX. l ; or the machine now under consideration in the 
absence of commutating poles 4 {hey mav be reckoned at full load 
as - 555. * 4 
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The result sj far is A T c • 210 

* AT,*-- 735 

A T, =-= 5,300 
Al\ ^ 555 

» • 

• Sum # ---• ,1 /' r 

| # 

and the excitation act in# between the poles of the machine is tjvice 
this amount. The preppndtranvc of the item due*to the#air-gap 
•is evident at a fiance. • • * # 

The next step necessitates a know ledge of the leakage jvrnu»- 
ance corresponding to a magnet icVircuit <*i tke machine in question. 
For the present this may be taken as GO, the method by which 
this numerical value is obtained bejng reserved foi < xplanationhn 
the ensuing sections. Thence the leakage llux is by e. piatiyn (PIO). 

<j) t -• 1 257 x 2/1 Y , . 1-257 13,60U >. 60 1,025,000 

. and <I> m <l> a | (f, t 7.405,< K H > 

the increase*! >f the flux being 1G per ccftt. • • 

(5) The magnet-cores and pole-pure s, requir ing .1 / m ampeu-tui ns. 
The area of tin* rolled ingot -iron Aires foiming the jxdes 9J* in 
diameter is 67 square indies - -132 square centimettes. and the 
average d»*psity in them is 


K 


q> 

^ m 
• a tn 


7,4o5,(HKi 
. “432 


17,150 


In order t ft secure a thoroughly stable madiine and e\Vn com- 
jiyunding, as will be myre fully desciibed in the next chapter, a high 
density has been chosen for the jiolc-coro, and a reliable material is 
employed sych as may be counted on of give unifoim results in 
practice. Sincg at high degree-, of saturation the specific am] vie- 
tifrns increase \nfy ihpidly, it will be advisable, in order to be on the 
safe side, to take an intermediate value between curves 2 and 3 
of Iyg. 206, which has reference to ingot iron forgings, and to assume 
not less than 70 ampere-turns jx-r centimetre length, so that any 
slight inferiority of the material may be guarded against. Ihe 
length of path in each magnet-core under t4ie< ^ itingcoil and through 
the pole-shoe is l m ~ 9£* =- 24 * 1 centimetres. Within the jxile- 
<shoe the density decreases, but against this may, be set the 4a<t that 
it is laminated, whicli to sflmc extent checks the spreading outwards 

of*the lines to tJTe extrebie flanks and corners. We thus have 

• 

. AT- = al m . l„ — ^0 X 24-1 1,690 

* * . 

(6) live yoke , requiring AT, aryjfercftturns. 

The sect i oh of the yoke is*3fi square indies, but as Uie flux is 
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divided between two such sections, their joint area is double or 464 
sq. cm. The density is v 1 


4 


K 


7 , 405, 000 
464 


IB, 000 


The mean length of path is V ¥ *32' 81-4 centimetres, and by 

reference to Fig. 207 lor steel castings it is found that the ampere- 
turns wdl be* approximate ly 31 j)er ceaMmeJre. Thence 

A 7 V at y .lJ2 31x 40 7 1,260 

The exc itation required is therefore 


.17 / 6,800 } 1,690 | 1,260 9,750 ampere-turns per pole. 

I 10. Formula of the leakage permeances. We have now 
to return to the question of the magnetic leakage <f> t , and in the first 
place to the calc illation of the leakage permeance, of any dynamo. 
Since we have to do with a large number of paths, which are assumed 
to be all in parallel with one another, it is simplest to deal with their 
permeances, for these* can be immediately added together to discover 
the joint permeance of the leakage paths The lir.es are assumed to 
follow certain directions in the air according to the situations and 
distances of the two surfaces between which they flow, and to meet 
these different cases three general propositions aie, as a rule, 
sufficient. 

(i) In tlu* case of two parallel surfaces facing each other, the areas 
of which are approximately equal, the lines of tlux may all he 
assumed to pass straight across from the one surface to the other. 
The iHTineance of the air-gap between the*two surfaces is then, 
on tlu* ( .G.S. system, ecpial to the mean of their areas divided by 
their perpendicular distance apart (Fig. 267) ; or 


l 


( 120 ) 




r 

.t; 

i 

l> 



This does not. however, take 

— into account the transverse 

* pressure on the tubes of flux 

‘ which causes them to curve 

4 outwards at the edges of the 

air gap, so that th<£ permeance* 
is under-estimated by {in 
amount which increases with an increase in. the distance /. 

(ii) In tiie case of .two equal Rectangular surfaces situated near 
each other in the same plane^ wijth their, neighbouring edges parallel, 
the lines of flow may be assunjedrto be semicircles described about 
a central line r, c drawn between tke \wo surfaces (Fifc. 268) ; the 


Fig. 2tV7. 
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peyneance of*the air-path fr^m one to the oflwr is then, on the 

C.G.S. system — 

• . ' ’ • • ( 121 ) 

* W % f » • ' 

where r l and r, are/espectively the distances ti •.•in tin* Central line to 

the nearest and farthest edges oft i i{her iectaifgle, and <i is the depth 
of each rectangle at right angles to r, i «\ along the parallel tjdge. 

(iii) In the cast* of t\v<*'i]uftl rcgtangulai mu laces situated iintilaily 
in one plane, hut at some dist.ftfte apait*the lines of fhbv may he 
assumed to be quadrants connected by straight lines, the quadiants 
being described from the neighbouring gdgvs <.j the rectangles as 



lines of centres ; the peinnsmre of the an between the two surface^ 
is then, on tjie ( .(i.S. system — . 


\^iero a is ;fgain the depth of each ie< tangle, a its width, and h is 
their distance apart (Fig. 2b9). 

• If the two s^mfac^s of Fig. 2b8 ate lotated aboiiMhe criitie line 
r.c, or in Fig. 2b9 about their inner edges, so tlial they do not In* 
in the same plant* huf are inclined to one another at some angle • 
othl-r than v, thcn t the value of Ibis angle in nn ulai measure is to 
be inserted in each place instead of tt in equations (121 ) and (122). • 

f While convenient for calculation ifi ^h«* wist* of surfaces not in 
the same plane, propositions (ii) (iii) like (i) fail to allow for the 
tubes of flux being bent outwards bv the Iransverse pressure. A 
nearer approach to the fcids is therefore made when th# surfaces 
lit in one plane 4>y assuming that the paths are ellipses having their 
foci at the inner edges* of the ga[>. The permeance 1 is then 

• _ a ( w -f- V I » 

V^-lo g£ j.-f2.^ j 

1 The foTTrftila, due to >lr. Pinnjs, is given in " Permanent # Magnets in 
Theory and Practice,” by£. Evershed, Jimriu I.E.U , Vol. 58, p. 821. 
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To these may be added other extensions of the saif»e principles, 1 
4 but in general the three main propositions above considered will 
meet the most Common cases, or in default of any other guidance 
it must suffice to map out a probable course for the leakage on ♦he 
above lines, and thence by sealing the mean areas, of the two surfaces 
and the mean length of path betvj^n them to deduce the permeance 
*ireu 

length' " f * • 

It must 1 be remembered that irf fill the foregoing equations the 
dimensions are in centimetres and,t he logarithms are to the Napierian 
base r ; hence, for Knglisl dynamo designers, it 'may be useful to 
give the equivalent equations when the* dimen>ion> are in inches, 


• amVthf 

areas 

in square inches,* 

they are- • 


(») # 

c 

2*54 

' 10, ' 1 
/" 

1 27 (A t ' -* .4, 'i 

r 

Il20,i; 

(li) 

2-54 

7 r 

a* r 9 * 

yS>- -*•< 

r i 

1 M a a" log,,-*- 

r \ 

(121.1) 

(ni) 

: l*8i> 

„ . rruC • ( 

- a * h»g| 0 ^ ^ 

h " *’ 

(122(i) 

t and alte 

mat i vi 

ely, when the siu fa< 

fs lie U 1 tin* same plant* 



Cm 

X «' x K'.ojt i 

: v'.v* • ul, \ 

~ • h ' ) 

(122/.) 


8 11. Calculation ol the leakage permeance. -By tlu uid of the 

foregoing equations an approximate calculation of the leaka^* 
permeance of a dynamo gan be made when a drawing showing tlie 
main outlines of its magnetic held system is to haifl. Jn thV 
case of a multfpolar field-magnet such as Fig. 2(kJ fhe component 
leakage paths fall naturally into four groups, namefv, (1) between 
. the tips of the pole-shoes across the interpolar gap, (2) between the 
flanks of the polo-shoes, (3) from the sides of the pole-cores paftly 
*(«) across the intei polar gap, and partly (b) into the under-surface 
of the yoke, and (4) Trotn tlfc hanks of the pole-cores, partly (^) 
across to the neighbouring # poles and partly (b) into the yoke-ring. 
Taking the permeance of thesf several patlis in succession, and 
assuming hem to In’ approximately as sho^vn in Fig. 270. t we proceed % 
as follows, the machine in question having the dimensions the# 
given. . • 

(1) Between the edges of the Jxde-shocs in the interpolar gap. 
By Voting off from the drawing the m*an width tf x and length l x 

1 See especially J. F. H, Douglfts, *VThp Reluctance of Spme Irregular 
Magnetic Fields, 7 raws. Amer. /jJ./T. Vof 34, Part I, p. 1067. 
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of the air-palh, and bearing in niind that there are two such 
int^rpohr gaps corresponding* t*> each pole * 



i • _ 

1 : ig. 270.~- 1-ra.kaj^- paths <*f nnilti|*>Ur magnet. 


thcf corresponding J^alf pole -shoe of a neighbouring pole, as indicated 
by the line l t . The direct distance separating the edges of the two 
pple-shoes is again practically equal to # /,. t Thence by proposition 
{iii), taking the paths as partly quadrants and partly straight lines, 
^and with four such paths, two at the front and two at the back 

• * * n X 6* d 6 25 • 

« - 1-86 X 1 * log ^ 25 X 2 x 2 - 4-48 

# (3) From the pole-cores. 

(a) Across the fiiterpolar gap iipo the opposite side of a W!gh- 
bouring pole. The distance alqpfc tfce pole-core (reckoning inwards 
from the yofce) at which the Wkage passes across into the adjacent 
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pole rather than into the yoke, is determined by the point at which 
‘ the reluctance of the latter path is half that of the former. It tnus 
diminishes witlran increase in the number of poles as fixing the angle 
by which the opposite pole-sides diverge from one another ; and 
also depends upbn the length oi the bobbin or pole (cp. Fig. 237 
for internal j>oIes). It is further affected by the shape of the yoke- 
ring, and would, e.g., be lower down the bobbin-length it the yoke- 
ring^wep* octagonal, so as to bring its. under surface nearer to the 
pole-side.* In the preseiK case th *. division of the* leakage flux is 
estimated to take place at a distance of V down the bobbin out of 
a total liobbin-length of 71*. * • ' 

Next, the leakage out of t ht* pole -tores take** place under varying 
differences of magnetic potential, as we pass from tlie yoke to the 
potaslfoes. The yoke-ring rmftway between the jioles is at zero 
potential, and the magnetomotive forces of the ampere-turns are 
uniformly distributed along tin* length of the two bobbins, the 
potential reaching a positive and negative maximum respectively* 
at their inner ends. Tip* difference of magnetic potential between 
the pole-sides is thus the gradually increasing sum of tin* magneto- 
motive forces, less tin* fall of iw>tentiul <,'Ver the iron, and rapidly 
rises in value as we proceed from the 'zero pot initial' of the yoke 
towards a pole-shoe. The loss of potential over the iron may be 
approximately assumed to be confined to the limits of the bobbins 
‘ and to be uniform in value* over each inch of their length ; the 
difference uf potential between the jxde-sides is then at any jxnnt 

* x • ‘ 

v 1*257 A" r . where x is the distance of the point in question 
* ¥ % 

from the root of the pole at the yoke, and / isjllie bobbin length . 1 

The permeance of the two areas, one oil each side of the pole, is 

thus 2*54 - •*'y — - x 2, when* L p is the transverse lert'gth of the 
*a* ** 

rectangular pole, and this is acted upon by a difference of potential 

* of 1*257 X, . the mean distance of the sftrface in question from 

the root of the pole being estimated to be 6*. * The total leakage 
flux resulting therefrom is • 




2 54 x Lp --- X 2 x 1 257 A’, x 


7-25 


In order,* hen, to rank the permeance of (Ify) with (hose of (1) ai^d 


• 

1 For a more accurate graphical method, sec Miles Walker, The Specification 
and Design of Dynamo-electric Machinery, p. 326, and for “ stepped “ co£s 
aee£h\«It. Pom, journ. I.E.E., Vol. 5!J, p. 173. • For measurement of difference 
of magnetic potential by ChattAk’s giagnetic potentiometer, see Appendix 
to " The Magnetic Testing of Bars of Straight pr Curved Form,” lv A. Campbell 
and t>. W. Pyc. Journ f E.E., Vol $4, p *43. 
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• fc 

(2), it must be reduced in tht? proportion of — ~ Indore it can l>c 

regarded as in parallel with the preceding perrtieances, and the 
leakage lines be deduced on the assumption tfiat /hey are all due 
to the full difference of potential A P i\j. the poles. l ; or our purpose, 
therefore, it will be necessary to faje the value 


254 


• U 


>'• 2 * 


(> 2-54 >; 8 2 a X 2 x 

7-25 43 75 x 7 25 , 


95 


(6) Into the under side of the yoke. The permeance may here 
he estimated by an approximate division of the space in question 
into, say. three tubes, and adding together tin' results deduced from 
the mean cross-section and length qf each of the three tubes, tnfcli 
as the one marked :c 4 , / 4 (Fig. 270). Again, allowance /nust be 
made for the varying ditference of potential, but as opposed to the 
preceding case the difference of pitential under which this leakage 

Hows is 1 257 ~ 4} - .j-. • , 

Since there is tin* same distribution of flux on each suit' of the pile, 
the p*rmeam;e of * pair of Similar tuU*s, one «*n each side, in relation 

to A' P is 2 54 P — - x ..this quantity when multiplied by 

» ‘4 • 

1-257 A' P giving the required number of leakage lines through the 
pilo t ore. The permeance of the t liter paiis of tubes /nto whicli 
the space has hern divided * tlm- - , 


• 

• * 2-54 * 

» 

8 2 x 35 
‘ 7 9 

3-5 

7 35 

4 45 

• 

; 2 54 , 

8 2 X 2 

4 5 

•i 

“i 

7 25 

2 55 

• 

• 

• • » 

2 54 > 

a 

8 2 X 11 
: ' 2-25 

u-75 
'' 7 25 

105 

• 

• 


3’ 4 

805 


The true p*rrneancc of each tulx* is Practically constant, since as* 
the area is increased so also is the lengtiqof path, but the equivalent 
permeance for our purpose decreases owing to the diminish- 
ing number of ampere-turns which act as thejoot of tlje pole is 
approached* • ’ * • 

• (4) From the* flanks *of the pile-cores. 

The leakage into a* neighbouring pile-flank and into 1 he* yoke 
respectively may again be divided along a line similar to that wjjirh 
separated the correspmdiftg fluxas fjom the pile-side, i.e* at a 
distance of ¥ from the top of »t Be bobbin out of the total length 

of ?r . • . * 



516 


CHAPTER XVI 


(a) Across into the flank of a neighbouring pole t>n either s ; de. 

W 0 

Treating eacii kalf -flank as a rectangle in width, the two adja- 
cent halves being separated by a direct distance equal to l tt the 
equivalent [x*rmeanee of the fqur paths such as l h which are concerned 
is by proposition (iii). 


1-86 x-3-8 x log 


b8d x 3-8 J<M>g 


y 2 7 2 x 

„ 7 25 *' 

tt/ 41 q- 13-75 


13 75 


X 4 x 


7*25 


6*7 

Thr^areji to vchi< h the lines have here been confined is in reality 
too small, since they can spread out widely over a longer path : l 
the present item will, therefore, be increased to 7-5 < s \ . 


"b * 4 


t 


a 




1 r< •. *271. leakage from pole- 
flank into overhanging yoke. 


m our cast* 


Mil (180 ft) 

3 4* 

* V / 2 4 a {- 3 4 3 


(b) Into the yoke-ring. The area 
of the pole-flank may here be 
regarded as repeated in the edge of 
<the yoke, since, f although this is 
usually of less radial depth, it is of 
greater width and spreads out on 
either side of the pole.* hurt her, 
owing to the edge of the yoke 
overhanging the pole-core, the angle 9 
a may* be approximately reckoned 
from the relation (Fig. ‘271} — 

*>i < ■ 

* 1 r ; 2 ^*1 (l 

vV i- V 

/ 25°3. Kx- 


0-818, whence a 


pressing a in circular measure, the jvrmeance of a small strip of air 

dx x ir p 

of width dx. and stretching across the pole-flank, is , fond 

* x x a 

this is acted upon by *| -257 ~~ . y. The flux on either side is the^**- 

* 4* l 


fore 1 257 


\7~* . f dx. and since f dx ----- 4 # , the equivalent^ 


permeance on both sides is 

H". 4 


2 54 IT X 7.25 


* 82 * 4 

-O .54 y 

2-19 7*25 


525 


% , 1 • 

This hem also should be increased, say,* to c', = 6. 

1 Cp. J. F. H. Douglas, “ leakage Flux Calculations," EUclr., I7tb Sept., 
1915. 
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the permeances have now been reduced to* values which may 
>e regarded as in parallel with tnd armature ahd afr-gap$ t and tvhich 
nay be immediately added together. 1 The leakage from items (3) 
uul # (4), strictly speaking, does not all pass-through the entire 
ength of pole-core and yoke, yet fof the purpose of an approximate 
alculation t his may Ik* assumed. * The joint leakage permeance 
s then • * 

8 5 I- 4 4$ { 9 5 8 05 } 7-5 ! 8 M4 03 # 

iml the number of lines passing* through the magnet is # *I> a \ <f> h 
where , , / 

fa 1 257 .Y p . 1*257 x ZAT, X ^ 

In addition to the several paths already considered, then* are 
others which would have to he takeft into account ii greater - 
titude were required, such as, for instance, from the }>ofc-llnnks 
into the top of the yoke-ring or into the flywheel if tins is in close 
proximity to the magnet. Ksjvcially does the presence of sham 
edges tend to concentrate the leakage;, and increase its amount. 
Hut in their actual distribution tire lines»m vcr cross one another 
or intersect, so that if new paths or surfaces are added a fresh 
re-arrangement of* tin* line* must bf* made different from that 
assumed in our first approximation / certain areas must then lx* 
contracted*!*) that on the whole recalculation will not lead to a very 
different result. The estimate may. indeed, seem to err in being too 
high, since, as already mentioned, all the lines that mau he found 
at the particular sect it >n of maximum flux, eg. at the root of*thc 
pole, do not fjow through its entire length ; the total flux V s in fact 
varying all*along the length of magnet and yoke, as lines leak into 
oi*out of them. Vet ift spite of this, sin h calculations as the above 
usually err i* being ton low, and their approximate character must 
Ik* fully recognized. Since maxima values are. required for the 
purposes of designing, rather than minima, in order that the error 
if any may be on the safe side, it is very necessary to allow an 
ample margin by increasing the calculated permeance by some 30 
to 40 per cent. The comparative figures obtained by calculation 
when so increased are justified by the experimental results of 
practice, and by their use* a very cfoM- approximation may be 
made to the ampere-turns actually found to lx* required when 
the machine is tested. 

j> ^ < • 

1 So far as*the average ampere-turns jmt tan. length of pole -corn are con- 
certed, Mr. J. F> If. DouglAs (/or. cit.) has shown that they are closely repro- 
duced in normal cases by tmagining 72 per cent of the total {i e. maximum) 
distributed leakage flux to be concentrated at the pole-tips, or else the whole 
of ft to occur at a*poi#t half-way between pole-tip ind yoke. Hut in oj*ler 
to make use of this fact it would appeal to # be necessary first to determine 
the total leakage flux in its true distriHbtod state, which can seldom be done 
immediately by a simple xpathemavcal formula but only by a t somewhat 
tedious graphical process « • 
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Thus, in the case considered above, the leakage permeance will for 
the purposes of design be taken as jf, 60 instead of 44*3 as calcu- 
lated. The machine sketched in Fig. 270 has a rectangular section 
of pole and yojce. If t fie section of the jxile is circular, a sufficiently 
close approximation is obtained bv substituting for it a *-quare 

^ ' d _ 

pole of equivalent area. Each side of the square is then ~ y/ir 

0-885cf M and it* is for tliis reason that in Fig. 270 a pole 8*2* square 
has been chosen as beirfg the equivalent of the jxMe of Fig. 266 of 
diameter 9J* ; similarly an equivalent for the rounded section 
of the yoke, namely, "&4*,x 15*,*hks been taken, so that the assumed 
permeance of 60 has been used in § 9 in the determination of the 
ampere-turns of the magnetic circuit of Fig. 266. 

A certain mount of judgment is required in the first instance in 
selecting the direction of theu*veral paths, none of which intersect ; 
but to guide us in this, actual experiment may be called to our aid, 
if a machine with the required type of field-magnet is at hand. 
I£a needle be fastened *o a thread passing up the* centre of a hollow 
tube of wood or cardboatd, and the end of the thread be held so as 
to prevent the needle from b^ing drawn, to a pole, it can be used as 
an exploring magnet, and on plotting the directions in which it 
sets itself a good idea < ;iu f>e obtained of the* distribution of the 
leakage flux. * 

The effect of a false* estimate of will mainly depend upon the 
degree of Saturation of the field magnet, since, the higher the indue-# 
tiotV, the greater is the difference betwtvn the ampere-turns required 
to pass < he supposed and the actual number of lino. <!>,„ through 
the magnet. Hut a considerable percentage error in its determina- 
tion, does not, under ordinary conditions, give* rise* to nearly so large 
an error in the total number of anqiere turns required to prodvee 
the useful field through the armature ; it only affects the ampere- 
turns required for the magnet and yoke, and t tv, final error thus 
introduced will depend on the relative amount of . 1 7' m {- Al\ 
as compared with the total A T f . 

S 1& Empirical formulae for leakage permeances. If the value 
* of for a particular machine of a given type has once been deter- 
mined by calculation anti checked by experiment, certain further 
conclusions may be drawn applicable to other machines of the same 
type, byt differing in their dimensions. If the linear dimension*, 
of one machine were simply ‘magnified* n times in the design of 
another, the new value for would be n times i\s former valte ; 
the lengths of the leakage path** would be* increased n times, but 
thfir cross-sections would be increased n * Jim^s. More oftvn, 
howeVer, the ratio of the % twc# chief dimensions of the dynamo, 
namely, the diameter and lcngtfl *>f Jhe armature core, is altered, 
and this emails for a more detailed consideration of the way in which 
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Hence the proportion which the leakage lint* bear either to the useful 
or to till? total number of Ijnen through <Ji««mag net will continuously incret.se, 

and for each degfeq of magnetization of the dynamo » ^5 will 

have a different ^alue.* In the case of the drum multipolar dynamo above 
commie red, M6<I> a when it is magnetized as it would lx? under ordinary 

working conditions, so as to obtaip u density of about*7.610 in the air-gap; 
ut other word*, the leakage is about *Hk per tent of the useful lines, or 13-85 
per cent of the total flux* Strictly speaking, the fac tor by which the useful 
lines through the armature must lx* multiplied in order to obtain the greater 
number «/ lines flowing through any father *part«of th»> cart mt will vary at 
different pULts of the magnet* as lines Irak into or out of if, With sufficient « 
accuracy, however, the flux may l»e assumed to be constant over eiich of our 
main subdivisions of the magnetic circuit, st> Jhat <P m -< v m d> a . <F t *» v w 0 a , 
?, ”■ ■ the differcnUpay.s of the ifiaguet bring deluded by the subscript 

letters as before, each part will have its appropriate factor, v, greater than 
mqty. Such was the basis of the original form of the equation for the ainpere- 

• turnA o( a magnetic circuit as first r pu Wished by I>rs J and K. Hopkinson 
in thiir classical, p«i{>rr on I )ynawa -tilectric Machinery. Having established 
the theoretical equation, they further measured r\|*>nni< ntally the number 
of stray lines that leaked through different {nations of the air spate a Unit the 
Iteld-maguets of two dynamos of different tyjs*. each of w!u< h was excited 
with its normal tuagueti/iiig « urreiit. Thnue they were enabled to deduce* 
the values which the factors v m . v v , etc., have for tin- given dynamos when 
magnetized to their workirTg degree of saturation. 

In most cases we may without much error assume the different factors 
for the different parts of the magnet to lie identical, and reckon the numtier 
of lines through any part of it the same, namely/ <l* w e i'‘I> a where v 

may lx: called the leakage locftictnut of the dynamo. The greatest numlier of 
lines floWs through a section either at the centre or near to the root of each 
magnet core, the value gradually decreasing from this point uj* to its end. 

* Hut, as already stated, in designing the field magnet what is required is rather 

the mean number of lines <l> m flowing through the entire magnet, from which 
we can apptoximatc closely the total auqiere turns required to overcome 
the reluctance of the magnet. • • 

The actual value of the tlux passing any section of the magnetic circuit 
can W' determined by Hurrounding it with a toil of several turmAiild measuring 
the throw upon a Wiliest ic galvanometer when the flux is reversed. 1 Ry 
comparison with the flux passing through the arlnature core the leakage 
coefficient is determined, lhit as tin* ballistic galvanometer requires skilful 
manipulation and can* t< » olftaiu correct results, the leakage inefficient m$y 
1 x 5 directly measured by a differential method devised by K. (Aildschtnidt ; * 
two search coils tire wound on the magnet core and armature respectively, 
and are connected in series through a mil 1 1 voltmeter, s*o*-as to oppose oKe 
another ; their respective nmntx*rs of turns are then adjusted until no deflection 
is observed upon the voltmeter when the field excitation is suddenly varied. 

A convenient extension of this method has Wen given by l>r. R. Hold** in 
which exact balancing even when the two coils each utfitain one or the same 

•number of turns is secured by means of the adjustable resistances of a 
Wheatstone bridge of l\%t Office* pattern. 

The values of v and th£ per&mtagc distribution of the leakage for differ^it 
types of dynamos have been experimentally determined and recorded by 


with increasing magnetomotive force is one fti which the analogy of the 
magnetic and electric circuits entirely breaks down. F<w the same reason 
it is impossible to apply the methods of Kir hhotf* laws to branch magnetic 
circuits with any real scientific accuracy. This objection does not, however, 
pregont the analogy fronf being of great service to the <Jyn*|mo designer, since 
the cdh dieting cases seldom occur ig practice. 

1 For certain points relating to leakage testing with a liallistic gavanometer, 
see (Giles) EUctr. Eng., Vol. 8, p. 3*3. ' « , * 

1 £.T.Z* Vol. 23, 1902, p. 3H. . 1 EUdrujan, Vol. 59, p. 215. 
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various observers* ; but, unfortunately, in many cases tyttle «*r no information 
has^t the same^ime been given of the degree of saturation of the armature 
anil magnet, beyond the fact that »&ey were m.tgueti/nl to their normal 
working extent. ^ * 

Suck recorded values of r may be used for the purpr&r of approximately 
calculating the area and amjTert* turns required by the held magnet. Thus 
in multipolar dynamos of the tvnc of Fij*i 228 7 with extetnal poles, r ranges 
from T1 at no load M T25 at full load. Jinpluit reliance cannot, however. 
Ur placeil on any such values of r At already nuntmiird, it varies decisively 
if the degree of filiation of t lit* arntafure tore U* im n h altered ; hence it 
vanes with different \.Uues of the “ Uick ampere-turns, * with different 
values of the arm;UurV i umait, eteii though the total mimU r of amjfre turns 
•mi the held remains unchanged ; of again, if tHe transition is iirtuic from a 
smooth -surface armature with !<*ug air gap to one with a short air gap and 
timthed core, f >n this account , the y>»iewhat laborious task of calculating 
*/j and 4> t , even if «tt best they are only appi •Mutations. is dnidedly to lx* 
mom mended (especially when a new- tyj>c of held magnet is to W* adopted), 
in preference to the use of a factor r I'liless this has l»rrn » xjienmentnjly 
determined, we ar»- more liable to lv Molded by taking a false value of i» 
than by errors in determining , * 

Finally, it may be remarked that ft certain amount of leakage is 
an inevitable necessity, and i'' but a small evil. If the energy 
required to magnetize a dynamo is from 3 to 5 jkt tent, of its 
output, as if is inmost modern dvnairtos, Aragnetic leakage cannot 
very greatly affect the elficioncy and cost of working, fora supposed 
complete absence^ of leakage wou'#l but slightly decrease tins 
jXTcentage. 

§ 1C ^e&kage permeance and flux-distribution with commu- 
tating poles. When the main jxdrs are excited and the commutating 
poles are unexcited, tin* latter, being situated in the neutral planes 
• between the main jv‘U‘s and^f no great width, do not greatly effect 
the leakage flux of the machine, although they increase* it by 
shortening^ rte air-path from main jwde to main j*»le to tfie extent 
oithe peripheral width of t ho iron. This effect is of chief account 
in items (1^ and (3tf), and necessitates their increase lieyond the 
values given in § 12 for the first and third terms of equation (123). 

But when the excitation of tin* commutating jxde lmgins and 
gradually increases ts it h the load, an additional M.M.E. is brought 
into action, and the sijpi of the resultant magnetic potential of tlu* 
commutating |*>le agrees with that of the main jx»le on the one side 
but is opposite to tliat of 4 he mam pole on the other side. Jn con-^ 
sequence the difference of magnetic ^potential across the air-path 
is* s much reduced on the former side asli is finer eased on the* latter. 
Experiment confirms that the increase and reduction of the 

•Mrav flux balance one another. * so.that to determine th« leakage 
• • • 

1 Vide Fsson, ” borne * n Dynamo and Motor Design,” Journ. 

/,£ E., Vol. I9,*lAirt 85; ” Magnetic • leakage in Dynamos ami Motors'* 
(Ives). Elf dr. Review, 22dd and 29th January, 1892 , ” Magnetic l>5ta of 
Sprague Motor” (Marshall), Eledr. ling., 13th June, 189*1; (Duffer) Elect r 
Review, 15t.h Apnl, 8892 ; ami especially (Thornton) Eledr. Eng,, Vp]*29, 

P 523 ff. • 

1 ” Die Wendepolstre u u n g, etc.,’/ F. Scliimrigk, Arbeilen am dem 
EUktrotschnisc** InslUul zip Karltruhe, Vol. 1, p. 225. , 
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flux that must bc^ carried by the commutating pole it is only 
% necessary to calculate the leakage from all of its sides, unde* its 
own excitation when the main poles are unexcited, and this 
amount must be* added to the useful reversing flux <f> r to obtain 
<f> r , the total fin* in the comnui/ating pole, 

'Hie leakage [x-rnu;ance rnu|f, therefore, lx; estimated by drawing 
tubes of flux after th^ fashion s^oWn in Fig. 273 for botli sides and 
flanks and correcting for the difference of magnetic potential which 
increases frmn’zero at the yoke to th£ fuU value ;jt the pole-shoe. 
Its value tvill not In; far different fro\n 1 \ where is the leakage* 
permeance of the? sjqne machine wit Ij the commutating pole un- 
excited, so that if the magnetic potential at its fa<t\ A T^, hapjxmed 
to he equal to A T, of the main pole, the leakage flux of the commit- 
* ta'titig, pole would be 1-257 4 l\c X 1J ^ as compared with <f> t 
of the main *>o!t; 1257 A 7 P X 2X (> ».c. it is about jths of 

But any such approximate estimate is liable to much variation 
according to the different proportions of axial length to jxiripheral 
width which may occur in practical designs, and should be checked. 
Owing to the greater sufface # of the commututing-fmle in proportion 
to its section and tin? high M.M.FVs, leakage plays a much more 
important pait than in the main poles, ajf<! if not projx/ly calculated 
will lead to the iron of the .auxiliary polo being made too small, 
especially near the yoke ; it will then become very highly saturated, 

. and proportionality of the reversing field to the current will be 
entirely lost. 

With as* many commutating polos a # s there, aro main poles it has* 
already been stated that for the same useful main flux the average 
density fn the main poles is unaffected by the addition of the 
commutating |h»1os. But whether the useful flux obtained by* a 
given excitation of the main poles when commutating poles are 
absent will be maintained practically unaffected whe? such poles 
are added awbexcited, turns entirely upon the degree of saturation 
of the armature core and yoke, and chiefly of flie latter. 

It was shown in Chapter XV, § 12, that in the yoke ring, 
if <J> r is the total flux of the commutating pole including leakage, 
1>r/ 2 is added to the flux carried by each oflhc sections of the 
*yoke B, B* (Fig. 231 )i and (Inducted from each of the other sections 
A, A\ which complete tlie circuit from one main pole to another, 

• , O m -f <f> r 

so that tjie two densities are proportional to ^ and — — s 

The very considerable increase of the useful revising flux <ft r ft 
thelpakage up to the total fluk of the commutating pole <t> r . is 
therefore an important factor in # thc case. Apart from a similar 
requirement in the section of the armature core! it ns only when fhe 
section of the yoke is sufficteiyl^ large so that it is far from satura- 
tion, that in each portion of the path the»two changes practically 

« • 1 




Fig. 



526 


CHAPTER XVI 


| counterbalance one another, and {hejiercentage effect on the tytal 
excitation required for* a given mb in flux remains small ; this is 
in practice usually secured, but the consequences of insufficient 
attention being*pai<f to this j>oiry are traced in Chapter XIX, §.13. 
The effect of the commutating poles on the ryain flux is chiefly 
to cause it to la* somewhat initially distributed over the main 
polejaces, the trailing edge ta*mg more crowdedf so that if the 
excitation of flu* commutating poles* is annulled tht* main flux 
swings bafk to an equal ilistributfttfi, and tin? amofmt of throw on* 
a ballistic galvanometer caused by the swinging backwards of the 
flux across the centre lint* of the fnain pole is proportional to the 
commutating flux. 1 * 

• Whqp there are only half as many commutating jm » k*s as there 
are fnain pole* (Fig. 273), then* is greater danger from saturation 
of the magnetic circuit. In rtie armature and yoke the difference 
between the more saturated and the less saturated portions is 
again equal to the leversmg flux, i.e, the densities are severally* 

* . 'I'. I <f>t tr <!>„ I ■«, «I>, *. . ' 

pro|K»rt»oiml to - — ,• t) - , ~ , , where <I> 0 and 


are the normal fluxes befo** the addjfion of cymmutating jioles, 
but <ft r and <T> r an* greater. .More than this, an im quality arises 
between the total fluxes carried by the magnet -core* of each pair 
* of poles; the one < »t opposite sign to a commutating ’pole must 

( D r 

cany a total flux roughly proportional t<* } - and that of the 

<I> r 

same sigh <I> m Since each armature loop is act<»|’uj>on by a 


pair ol poles, this does not affect the F.M.IWot the various parallel 
paths, but the difference of density equal to d> r may lead to an 
appreciable reduction in the normal main flux owing t<* the greafer 
number of am/lerc-turns required by the highly* sajutated pole-cn^c. 
Further, it may become diflicult to dispose of tlie necessary a mpere- 
turns on the single commutating jH>le without overheating, so that 
this arrangement requires care in its application. • 

• | 15. Flux-curves of dynamo.- -It ha* beon’shown in § 9 that 

the number of umpire- turn* required per pdle to give 6,380,000 
lines through the armature of a particular dynamo is 9,750 when fhe 
armature current lias its full \\ilue (f.c. the sum of 350 amperes in 
the extetnal circuit and about«6 ampepe%in the shunt circuit of it<£* 
field-magnet, or 356 amperes in all). If. a nurpber of different 
values be assigned to <l> 0 , and the amperedums required in each 
'case be determined (always on \he assumption that the armature 
current has its full value), a furve may be V^5ted, connecting 
together the corresponding V.^u#> # of and AT f (or 2 AT f = X f ), 

♦ • • . * ' 

1 Professor E. Arnold, £.r.2.,’ 15th March, 1906. 
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iiwPthis curve may be called th$ JtUx’Cunr of the particular dynamo 
or its full current, or more strictly for the full valge^of its armature 
m^efe-tums. Curve 3 in Fig. 274 shows such*a full-current curve 



of ifux for our 2 Y £ IT dynamo, I # being maintained throughout 
at its full value of 356 amperes., corresponding values of <D # 
and AT f may* conveniently bS forked out in a tabulated scheme • 
aft$r the pattern of Table IX, shpwn op page 527. which shows ,the 



530 


CHAPTER X VI 


steps of the calculation in a slightly abbreviated form. Or, if the 
machine be'aloeqdy built, they may be determined experimentally, 
an will be shown in. Chapter XVII. In either ease fhe brushes are 
throughout assumed to be adjusted to the point of minimum sparking 
under normal conditions with current irt question, and the 
abrupt termination the curve marks the jHiint below which it is 
imj^oss^ble to # r/*duce the magnetization without causing excessive 
sparking, at the brushes If we .‘again rally out Jhe same process 
for a different and smaller value of I a , say half its maximum value! 
or 178 amperes, a second curve *>f flux will be obtained for half- 
current ; in the absgncc^of commutating poles this will fall higher 
tim n curve 3, inasmuch as the back ampeie-turns are less, and 
the/t<ore fewer amp<*re-turns#are required on the field to produce, 
a given 0 number of lines through the armature. 

Finally, it f„ be taken as (t, then* is no reaction of the armature 
current on the field, the back arnjku e-turns, AT b or 2AT h - \ h 
afe Zero, and the highest oj; " no-current " c urve of flpx (1, m Fig. 
271, {>. 528) is obtained* * 

I hr use and importance of these curves will be more apparent in 
the next chapter. In Fig. 2?5 is repeated the mr-curirnt curve with 
its various c oni|»onent items shown separately by the* dotted curves ; 
such a separation is instinctive as illustrating the relative; importance 
of the several portions of the magnetic circuit under different 
degrees of saturation. A tangent to the initial part of the curve 1 
m.w*' be called the " air-line, ' " since it gives the ampere-turns required 
by the* air-gap for any value of the flux, and it is of seryice to deter- 
mine this expei inientally in order to c hec k the calculated values, 
especially in toothed armatuies. It shouKl be observed that «the 
horizontal distance between the curves for no-current and full- 
current for any particular value of <I> a is more than tin* direct vMue 
of the back •ampere-turns A I\, namely, 555, pmsmuch as these 
latter increase the leakage, and therefore the ampere-turns required 
over the iron of the magnet. The hoiigontal divergence of the 
curves becomes, in fact, increasingly marked as the nmgnet 
approaches saturation. * * 

8 10. Determination of stae.o! field-wire. - fhe different ways in 
which the field-magnets a of dynamos are excited, according tef the 
sources whence the magnetizing current is derived, will be explained 
in the following diapter. Apart, however, from sudylifferenccs bf 
source, it remains to determine the necessary gipige and weight of 
copper wire required for the winding of magnetizing coils whiefi are 
to give a certain number of uftiperc-turns, AT ; tliese may form 
eftlrer the whole or a part outlie tofcil excitation required by the 
machine, the following Miiy* general solution of the problem 
applicable to all cases. The data* that* form the 'starting-points 
may vary, but usually *th^y are, a knowledge, direct or indirect. 
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off!) the voltage tiiat will be applied to the ends' of the wire, and 
(2) the mean length of a turn? -Given the thickness and width of a 
rectangular ipagnet core, or the diameter of a roynd (‘ore, it is easy 
lowest i mate fairly closely the mean length oi one turn of a coil 
encircling either the one or t)ie other ; a certain allowance must 
t>e made for the depth of the wipdmR, by re.vsdn of which the mean 
length of a turn in the central of Several layers of winding will tx* 
greater than the actual perimeter of the magnet jt self ; and the 
• correctness of this allowance yiiist be subsequently checked when 
the winding lias been determined Kxjx*rience, however, forms 
a ready guide oi^this pant* and ft may theiMore lx.* assumed that 
t lie mean length of one exciting turn is knouji when the dimensions 
of the iron encircled by the ('oils are known* Let this mean length 
r ~ /,. and let V x ----- the voltage which will be applied to theVqds of 
the exciting coils. Ixt in the te^stance in olun* of u Ait length 
of the required wire at a certain standard temperature, say (>(F 1\ ; 
•ami let .1 and l f be the two factors, the magnetizing cut rent in 
amperes, and tluyiumber of turns jx j r, magnet coil, so that if be 
the number of coils in question A I f N c i* the total number of their 
ampere-turns. The resistance of the magnetizing turns (assumed 
to be all in series )*at the standard temjx*rature is A ! ( T f x l K x (o\ 

but when a current passes through them, then, as explained in 
•( -hapter fcY, § 5, their temperature will gradually list*, and. in 
consequence, their resistance after a run of some hours will be* 
higher than at starting. It will thus he necessary to multiply 
their resistance at (40 F. l*y some coefficient, k, de]K'ndcnt*upoit 
their rise tenqH r.it me in working, and on tin* temjifraluro of 
the surrofinding air from which that rise is reckoned; or R t -~ 
A e l f X /* X (o X k. * 

• The final temperature of the coils \qjll be attained when the 
rate at wlTich the heat is carried away by radiation, convection, 
;fnd conduction is # cqual to the late at which it is generated. 
The maximum rise of the temperature of the outside of the coils 
above that of the surrounding air will depend ujhjii the ralio* 
wliieh the ir cooliqg surface bears to the rate generation of heat 
in them, provided hat *the coils which are compared are under 
similar conditions in regard to tkeii* t.Jft -c t\Ve venlilation. Hence 
from a knowledge of this ratio, and also of the temperature of the 
surrounding air, the maximum ternjnuaf ure wliieh will be attained 
by the outside of the c«#ilt in continuous worlt can lx* Predicted ; 

in the case fd a finished machine, it can be rneasuied by a ther- 
mometer. Hut with ‘a large number of layers wound closely over 
one another, as in a field-magnet coil, an appreciable difference of 
temperature is required to*produ( y the flow of heat from the^dhtral 
layers to tjie outer surfaces, conduction partly through the 
length of the wire itself, an*l partly horn layer to la yen across th§ 
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intervening cotton oovering, this latter being a bad thermal con- 
ductor. The temperature of the central layers of the winding 
therefore, considerably higher than that of the outer layer as 
measured by a thernrv>rneter applied to the external surface. *The 
value of k is fixed#by the mean temperature of the whole mass of the 
coil, and is thus dependent noWonly on the maximum temperature 
of the external surface but also upon the depth of the winding. 
For ffckl-nuigne^cl>ils when divided into sections and well ventilated, 
the ratief qf the mean rise of temgx*raWc*to tlie surface rise as 
measured by a thermometer varies from about 1 -25 for a depth of 
winding of J inch to about 1*6 fo# g depth of 2\ inches, or 1*75 for 
3 inches. If not dividyd iifio sections, the ratio will be even higher, 
an(] may be 2 or over. ’ For each degree Fahrenheit that the tern- 
‘perature of a piece of copper rises between the limits of 60° and 
150° F., its electrical resistanclyises 0-222 per cent, of its resistance 
at 60° F. or 0-22 per cent, of its resistance at 68° F. Hence, to give 
an idea of the practical value of k, if the field-coils are 2} inches , 
deep, and the maximum temperature attained by their outside 
be 45° F. above that of ?lje surrounding air, the 'mean rise of the 
temperature of the whole mass will be, say, 1-6 x 45° = 72° F. ; 
the value of k, or the ratio of tlffc resistance at the /lew temperature 
to tlie resistance at 60° F. wilUthen be 1 f- (72 x 0 00222) ~ 1*16, 
when the temperature of the surrounding air is assumed to fc>e 60° F., . 
or 1 ~b (72 x 0-0022) 1-158 for the same rise of temperature 

reckoned from 68° F. (20° C.) as the initial temperature of the 
engine-room, or as the standard temperature given in many tables 
of copper conductors. # # 


Now A --=» VJR & ; therefore AT y N e 


V m r f N c . 
T f Nl X l 0 X o) x k 


. a t,n, xl.xk 

or if /* be reckoned in yards, and (o' be the resisfance # of 1,000 yds. 

«f the required wire, # 

* , V t x 1,000 /f • 

# m A T f N c X l m X *k ^ ^ 

The area and diameter 4>f tig: required wire having a resistance of 
to’ ohms per 1,000 yards is easi ^obtained by reference to any table 
of the resistance of popper wires, 1 or by direct calculation. The «, 
international standard* for anncMed coppef wire, 1 metrd in length 
and with a uniform cross-section oi 1 sq. mm.; being J^h of an ohm 


1 Such as may be found. e.g. in Whittaker’s Electrical Engineer’s Pockef 
Book , p. J32 (4th edit.), or Munro St Jamieson’s Pocket Bo 4k 0 } Electrical Rules 
and Tables , p. 296 (18th edit.). , • 

1 In accordance with the Report aviojged at the Berlin meeting (1913) 
of the International Electrotechnical Commission. • * 
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at C. (68^'.), tbe resistance at that temperature of 1«000 yds* 
of annealed copper we in ohms is 0*02445 area ip square inches, 
Henoe the art*a of the required wire is 0*02445£o' sq. ins. ; or 


002445 A T f N e x /, x k * 

an-aofwm. . -X-l tKH. ' ' < I2S > 

Thus for the same exciting volts and the sliue size of coil which 
gives the same /*. and practically the same heating coeftyrient k t 
• the ampere-tmAs are directly ^ rojM»rtioical to the copier section 
of the wire. It will also l>e seen that flic above ions are 
immediately applicable to oite cod <»f A 7 ^ atjipere-turns on a multi* 
|H»lar machine or to all the 2 p coiU in series tr in parallel or in any 
combination, if V t be given the correct value appropriate to- tile: , 
given case. 

If the wire is to be of rectangular section, tbe two dimensions 
which go to make up the area may be chosen to suit our own con- 
venience in winding ; but if it be round, the necessary diameter in 
inches is * , 



whence at # the above standard tempeiatme 


(M 76 

Voj ' 


(126) 


• 0 

From the above formula: it is evident that if V m and l M be fixed, 
there is b»jt*one area or diameter of wire which will satisfy the 
equation and give the required number of amjH ie-turns ; and 
further, that this area or diameter is entirely independent of the 
adtual nun\l>er of turns in the coils, sincc’*neit her T f nor A appears 
separately in tfie final equations. This result may at first sight 
seem surprising*, but* is easily followed when it is remembered that 
if the number of turns be, for instance, doubled, the resistance of • 
the»coils is also doubled, which, with a given V K , halves the current 
through them, and therefore leaves the total number of amj>eri- 
tums unaltered. If* the number of t^ins b*> doubled by winding 
t\f!ce as many layers on the same length of bobbin, it is true that 
l m is increased, since the depth of the winding is doubled ; but the 
►effect of this upon the necessary diaiqder of wirecs partiallycountei - 
balanced by tlie reduct iofl which must he made in the vilue of k, 
\Vhen the nuifiber of turns is doubled, the current an<] the rate at 
which it generates heat are halved ; the cooling surface is also 
it&lf increased, .owing to the perimeter of the coil being gr^aier ; 
and therefore, for both reasons, tfc<? mtan temperature attained by 
the coils wilbbe less thap beftrej llie lesser value of k thus partly 
compensates for the inereased value of />. 
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| 17, The mea n length of tqra*-~With a rounfi pole-cor* of 
diameter />, .when insulated or including allowance for insulating 
packing strips between coil and jx#lc and wrapping «on the inside 
of the coil, the-Jpngfli of an inner turn is /, - ttD v and the intan 
length of a turn in the central Ja^yer is . 

l x •/* ■( nt •ir(D l \ t) . . . ( 1 - 7 ) 

» ♦ ' * 
where t the tatal thickness of the copj>er yindidg. 

In the itise of a bobbin tyound on n former which Closely embraces • 
a pole of rectangular section, il the length of a turn in the Indtom 
layer is l t 2| (.1 j'V) -j- (li allowance for the insulated 

sjHM>I being made by adding to each of the component dimensions, 

< tilt* length of a turn in any other layer is made up of this length 
piusKv qyadrant of a circle aj <*ach corner, the radius of this circle 
being equal to the depth of the winding at the layer in question. 
The mean length of a turn in the central layer is then again 

i + 

But if the pole of rectangular station is cast pith a* radius r at 
each corner, and its two flimensions are .1 and li, its jH»riphery is 
2 j (A ~ 2r) | (li 2 r)\ | 2nr+ and with ■ an allowance of for 
clearance and insulation * 9 * 

/, i l\(A 2 r) I (H 2r)f I 2 n (r | jj). 

The length of the mean turn is then 

t. h I ' nt 2}(,l 2 r) I (/( 2r){ | -2* 

and of an outer turn is 

K'h I 27 rl '-j (.1 2r) | (B -f)\ | In (r | j | /). 

lt may be worth while to mention that if a contii'iinus length 
of round wire is wound on to a bobbin in several layers *the layers 
are of alternate hand, and at one point each turn of an upjtfV 

layer has to cross over Km turn of the layer below it*; hence, «if 

(/, •-« d 1 d be the diameter of the wire with its insulating covering, 
and n be the number of layers, the depth of uiimkiig at this jx>if»t 
fc is nd v ICvcept, however, at the crossing point, the turns of the 
• up]>er layers bed into the hollows Ixdween fhe turns of the layers 
underneath. Ihe depth of winding is then « 

d i *| (n - 1 )</ j 60 u v d x j 1 -[- (n - 1)0 866 j 

• # </ t (n x 0-866 f 0 K^4) 

While allowance must be made"in the space allotted for the bobbins 
for the larger value? the mean depth ofnvjnding from wjiich l M is to'* 
be calculated may be taken as lying between the Jwp values, or f 

• ' / - OiM, . ■ . . . (128) 

|«l{h Determination of weight of field-wire and dimensions of 

bobbin* — In order, there fore* tef determine the actual number of 
turns which must be used, or tlfe weight of pire, the necessary' area 
'or diameter of which has ’been determined* some other factor of 
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the problem S must be known. This may be either the number of 
watts, H\ to be lost in the ct>i ! t>r coils under consideration, or the 
current /! ; # t he latter case is, in reality, identical* with the former, 
sijic'e A -- U r r , and in many cases H and 4 form two of the data 
given at the outset, whence V M H’ A is at on** derived. From 
our knowledge of*H' or of A, the total numt**r of turns is at once 


fixed as 


*'/ - 


Ar,x. > 
" y • w 




and the total length oi wire n^juirvd i^ /,.V r X l x yards. The 
weight of one vat d of annealed High -conduct in if \' commercial cop|*er 

„• 002445 0 282 

is 11*55 X area in square inches - 11-55 >' Ih., 

a 

therefore the weight "f wile is • 


c> 


Wc 


1 


0 282 


whence, bv simjfle substitution, fioifl eyfiafinn ( 124 ) 

.17 t X ( X /, x 

NveigU in Jb. I,.\ f X l x ■•(> 282 • ^ ^ j m) 


a / • M f Sr y C > 

A ' ^ V £ y 1,000 


k 

< k 


(.^7 ^ V f ' , X P r X k V 0 282 
# • H x 1 ,000 

* • • 

\Vhile*the above gives the net weight <>f copper, a small addition 

•must be made for th^ weight of the cotton < oveiing in order to obtain 
the gross weight of the insulated wne. Such addition ranges from 
7 per cenf. with a wile 0-040' diameter to 1 \ jw-i cent . for diameter, 
•its importante, becoming less an<l le-'S as the si/.e*is inne.ascd. 

It should In* observed that if our object is simply to form an 
estimate of the weight »»f wire required from 1 lie uhqyc data if i* 
ifhnecess.ii y first to determine o), or the «»< tual numhers of turns atirl 
layers of the wile. Thr’final settlement of the winding will, however, 
require the latter to lx* determined •and when the number of layers 
has been decided it will Ik* well to Thrct the correctness of the 
assumed depth of winding underlying the first estimate of l t , the 
mean length of a turn, • • • 

# Round \yr^ singly or double ( ot ton x over ed, rectangular wire 
double-cot ton-covered, and als<* wide copper strip, ansulatjxl w'ith 
.intervening layers of paper orV alien, are .used for the winding of 
field-magnet ‘bobbins according .to the circumstances of Ui* case. 
If a - the section of the copptr jvfie or strip, and a x « the space 
that must* be allotted to teieh insulated wire with dpe allowance 
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for interstices between adjacent turns in the case okround wires, 
% a , \ • 

<r *** — is the ratjo of the net volume of copper tolhe gross volume 
^1 • • * 

occupied by the inflated wire. The effect of bedding which 


increases a from 07854 y-r-to approximately 

' a i 


0 7§54 d* 


- 0875 ■ 


0-9 d* d? 

improves the efficiency with whiefi the space is utilized considerably. 
'Hie total thickness of double cotton-covering in the case of round 
wire is usually from 12 t<f 15 mils; and in the case of rectangular 
wire 20 mils. Owing to the Iwdding, the curve of a for a field- 
magnet coil with smaftjroiyid wire? double-cot ton-covered falls in 
between curves a and rf,of Fig. 147, but rises more steeply, and for 
jvirfrs above 0050* diameter more nearly coincides with curve b of 
Fig. M If. # The ratio thus in practice ranges from 0*4 to 0-65, and 
the greater volume of coils in which a high voltage demands a great 
number of turns of very small wire as compared with low Voltage 
coils with the same number of ampere-turns is worthy of special 
noto, On this account f<# slumt < oils it often bec(«tnes advisable to 
adopt single-cot ton-c overed wires, in which the total thickness of 
insulation averages about 8 miis ; the v<fltage bytween adjacent 
turns of a field winding is not large even in 500-volt machines, and 
the thinner insulation suffices to withstand this voltage, while a 
fyecomes as high as curve a of Fig. 147. Small round wire specially 
insulated with a thin layer of a tough, elastic, and heat-resisting 
enamel has also been tried for field coils with some success, but has 
not as* yet come into ordinary use, 1 *On larger machines, and 
wherever Hie area of wire which is to be wound is considerable, 
the use of a rectangular section i> advantageous, even though the, 
thickness of insulation has then to In* increased to 20 mils. Indeed, 
a thin wide strip of which tKe one dimension is many tiiue^ the othei* 
becomes quite permissible, and from its convenience in winding 
has much to recommend it. * * • 

In special cases, where the dynamo is subjected to very high 
temperatures? the field wires may be insutafed with an asbestos 
covering ; or it a wide flat section of coppyr can*be employed the 
turns may l>e insulated from or^e another by a thin strip of asbestos 
paper of a few mils in thickness. • « 

Since the cross-sectional area through one side of a coil must be 
equal to the numbered turns in the coil multiplied by the area a, 
taken up $y one wire, an important relafion exists befwecn the 
dimensions of a coil and the ampcr«-tums whiWi it < ;fti furnish witlf 
due regard to* its heating. The n<£essary dimensions of any coil 
can, in fact, be determined from equations (124), or (127) by** 

* » • * 

1 Bare alumiuiura wire on whicll an ifsulating coating of oxide is formed 

has also been used, Ekktr . KraJtbetriSb* u*Bq}intn (Hopfqjt), Vol. 4, p. 401, 
ai)d E.T.Z. (H Duschnits), Vol. 34, p. 13 3l. 
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t consideration of the resistance or volume of copper as related to its 
external surface. Thus the resistance of the coil is T, m x X 
, f * . r , \ 0<K¥)02445 t 

(o X k J , k . , where a ~ the net copper sent ion 

1 of tile wire or strip in square indies. The watts of the coil are 
, 0(XXX)2445 * „ 

thence It ~-A I 2 l,l t k. . If, as is usually the rave. 

ti » * ? 

the dimensions of the coil ate fiXtld by life necessity of* obtain- 
ing sufficient cooling* surface to dissipate the heat loss without 
exceeding a certain fixed rise? A the ^lrfate temjHtature, let 

. , ir • 

s/ . , ,, . . be the permissible rate of loss in watt* 

• *« i — * * •*) t # 

per square inch of external cooling surface to give ± rise *>f / % in 
temperature, l 0 !>eing the external perifheter of the coil expiesscd in 
y^rds (so as to corrcsjmnd with the perimeter of the central layer/, 
which is in yards), i its axial length in inches, and / the thickness 
in inches of the willing in a radial diiAtioft. We then have 


m w (/-*/„ i - li ' j ,) .i*c,/,a 


tM¥¥K)2445 


a 


It 


I 2 i f k > 0 08 X It ) 6 

£ ia 


Since a x the space mi square inches taken up by each insulated 

wire, including allowance for any waste by interstices, a a . a x , 
and Llja l =# T f . Multiplying both sides of the above equation by it, 
the necessary relation between tlie dimensions of the coil and its 
anyierc-turn* is obtained, namely, 

/ • A’ 1 * 

L t . 1 2 L (AT,) 2 * * . -vx • X 0-68 X 10* < . (129) 

l x •• • 7 ^1 a v ' 




. / 2 


• AT, Ik 1 
1 1,000 ' \(i 1 21 y/a 


“• m tf**j%***>* 

The valut # of (\villi* round wifes 0 935*--^ rises flom 075 
» . • \ • “V 

for Wire of 0-050* diameter insulated with 12 mil* of rot Urn covering 
or Jl-81 with wire 0-100* diameter atid 15 mils of insulation to as high 
as 0-95 with coppct strip, *nd is approximately known froip Xhc 
nature of the winding and the exciiijg Voltage. Further, £/° and k 
are mutual!/ dependent upoft tne another, the ratio of^ watts to 
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cooling surface fixing the heating coefficient. The latio /«//,(* in the* 

■ . . , • % f diani. of inside turn f *& 

case of circular bobbins equal to .. , and 

¥ ♦ diani. of msick turn +,/ 

in the ease of a rectangular bobbin of which the two inside dimensions 

are A and H ^ ^ ^ defied depth of winding, 

is, known, the, necessary length A ran be definitely determined. 
The inrfhiencefof lji 9 is small, since it <mly varies -from 1 *33 in small to 
1*1 in FHrge machine* so that*;fn approximate* estimate of tHe 
necessary cross-section of coil can be made With closer accuracy not 
only without calrufVing out th? exact size of wire and number of 
turns, but also without calculating the exact depth of winding. 
Such values can tlms he beforehand assigned to L and t as will, 
enftble t the required number of ampere-turns to be obtained without 
overheating. • 

If the (Doling influence of the end -flanges could be neglected, the 
amj>ero-turns of a coil as fixed by its heating would then be simply 
proportional to its length ;md to the square ro<tt of tile depth of its 
winding, but even if thft simple approximation is not adopted it is 
evident that, when a given number of art^KTe-Uyns is to be obtained 
with a fixed rise of temperature, an increase in tfie length' is of 
considerably greater value than an increase in the depth. 

The volume of copper in the coil is Lta X 'M>l x cubi/inrhes, and 
since the weight of a cubic inch of copper is 0*33 lb., its weight is 


I*?.t x < 1 1 Sib. Since by (129) , Afir 


(AT,)? 


we have 

weight of coil in lb 




21 


£T 


X 0 666x10'* 


.17V) 1 

L 

t 


'/ 


2 / 


k 

¥ 


7«« v l»‘« . (RO) 


and the tc^al weight of cop|H i on the macliuie i> tlu> quantity X 2 />. 
From this it follows that, for a given rise of tepqierature and given 
dimensions of pole, the requisite weight of copper is very much 
reduced by increasiitj' the length of the coil.* A limit is, however, 
set to the jnissible decrease in the weight of copper used by two 
considerations. As the lengtfi of the coil is increased, although the 
same ttjnperat tire* rise is at tinned, thfc fc>ss in watts i* continually 
increasing, and caqnot be allowed to reach *uch atajue as to impair 
the efficiency seriously. Further, the length of pole increases With 
the increase of the bobbin length ; the magnetic circuit is in qpn- 
setfhencc longer, the necessary am^re-turns* nfbre, and finally, 
the size, weight, and cost of tfcetryn magnet are greater. The best 
length of coil must therefore be detifrrihned by a <?ompromise between 
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a mynber «f conflicting considerations, the advantage of a reduction 
in the weight of ware being finally balanced by the increased cost 
of the* longer iron or steel jxdes and yoke-ring, and by t ho lower 
efficiency of the machine as a whole. • 

f 19. Winding <$ field-magnet bobbin*. 1 he •field coils of 

small machines are usually wound Tin a lathe or small winding 

* • 



1** -7t>. Knutul shunt* magftirt i nits. 


machine oil # i Wooden firmer between temjvirury dieeks; the 
numerous layers of wire aie built up fining the pun ess of winding 
jvitli interlaced strips » »f t a j n- , sn that the wooden cheeks aiuHinnlly 



• Fio. 277* fyx tangirtar magnet <*ilv J 

V 

the former itself may lx* withdrawn without the coil losing its*haj* . 
'the coil is thus left self-supporting, and no *pool is required. 1 he 
ends and the whole of the insidi* are then covered with *!& per, 
press-spahn, of micanite of diffcftra degrees of thickness, according 
to the voltage winch fhe corl flas to withstand, especial care being 
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takefc to secure a* thoroughly sound covering on the inside $dges 
where it will be in com tact with Hie* iron of the pole-core. Finally, 
the whole coil is wrapped round with an overlapping Jaycr of .strong 
tape to retain the tsue insulating covering in place, and is varnished 
inside and out.' Such coils, both round and rectangular, are shown 
in Figs. 276 and 277. They* are* threaded over the poles, and are 
fixed in place so as, not to became chafed by vibration, preferably 
beirtg secured J/e tween two iron or brass Retaining plates, the one 
resting against the projecting jsdtvshoe and the (Alter fastened by 
pins driven into the iron pole. The thickness to be allowed for the 
insulation on the insfyje, after fill* scheme shown in diagrammatic 
section in Fig, 278, i iwgs from 0*045* for 100 volts to 0*070* for 250, 
and 0*1 10* for 500 volts. In machines subjected to especially trying 
conditions of dampness the wtiund coil is wrapped with a double 
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layer of webbing, and is then soaked in bitumen or othcV insulating 
varnish and thoroughly dried, until, to use an Americanism, it is 
“mummified/'* For larger machines spools «aro pi many caste 
employed. These may be either of insulating material, such as 
ivulcanasbe^, specially moulded to fit over Hie poles, with grooves 
formed in their flanges to receive the wire leading to the bottom 
layer ; such spools are convenient for winding, t and provide a very 
high insulation from fj[ic irorf, but they have the disadvantage ef 
being heat-retaining. Or t fie spools may lie of metal, usually with 
a sheet-iron cylindrical body riveted to malleable iron or brass 
end-flung^ ; the laftcr being pierced \rttk holes or sta^-shaped to 
give as much ventilation as possible without impairing the mechan- 
ical support of the winding. Such spools conduct the heat better 
to the iron of the pole, .but their winding surface must be insulated 
with Several layers of varnished paper op micanite cloth. In order 
to obviate the danger of a bleak the leading-in ’wu£ rendering 
^he lower layer inaccessible, a thirf insulaftyig partition may be 
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\placed against the end-flange, and within this, *as each layer is 
wourfd, a turn of the leading-in wtor$«Ls taken in the reverse direction, 
until it is finally brought up to the top, flush with tl*e bulk of the 
winding, and in a readily accessible position. # 0r a thin strip of 
copper is soldered to the first turn of the lowest layered is brought 
t out under the winding and compWtsly insulated therefrom by 
intervening mica v Fig. 279 shows* the field^coils of arf 8-j>ole 
machine in place on the magneto-cores, the coils being Wyund bctwA*n 
lyetal flanges andtcohnectFd in st^jgs rouml.tlu* c ircle of jxjJeV 



Fig. 279. — Fight -pole "magnet- frame with coils in jihvn*. 

• • 

For the better ventilation of large Yoils it i> very common to find 
them divided into tvto or tliree scgpamte scot ions with air-ducts 
between them. Such air-ducts may be? citfter radial and com- 
municating with a central air-space Between Ihe in^de of the coil 
tmd the pole^core, or they puy run longitudinally through the coil, 
thc^ separate s^ctjpns being kept *ajxirt by strips of wood or fibre 
whidi are interposed at intervals so as to form a circular air-gap. 
Thj end-flanges in either case ail* pierced or cut away to form 
corresponding opfenihgs through which the air may circulate, figs. 
280 and 281 illustrate the first mttl^pc?, with which, owing to the 
smaller size of the {Actions, wt? again return to separate cojls wound 
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so as to be self-supporting ami afterwards slipped over the pole 
without any intemul spool ; wood strips boijed in paraffin-wax 
are disposed roynd the pole and wedge the coil in place, so that no 
further internal insulation is required, and small black fibre distance- 
pieces dovetailed to the wood strips serve to keep the sections 
apart. The inner ends of the, windings are then conveniently 
brought out through the radial openings Mweeir the sections. 




Series coils are advantageously made by winding flat copper 
strip on^'dge with^nsulation laid in lyftwccn the turns*; the heat is* 
conducted directly to the outride edges of the%cq>per, and {he 
utilisation ftf space is good. Such a construction is used comrnbnly 
for the coils on commutating poles, which cary the full armatyre 
current, and if the copper strip i} of suflir iently substantial dimension 
it may be left bare with an # aif-$j)ce only between adjacent turns. 
Fig. 282 # shows a commutating ftehVcoil *of copper strip wound 
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CHAPTER XVII 

SHUNT, ‘SERIES, AND *0*&»0UN1> WINDING 

• • * 

1 1. Method! of excitation o! the field-magnet. 'Separate excitation. 

; — The excitation of the Mectro-magnet of^i dynamo* is, in general, 
effected either (1) by coils connected to a separate source ot current , 
the machine being t hen said Jo b^ separately excited or (2) by 
coils forming a shifnt to the external circuit, tlio dynamo being then 
known as a “ shunt " machine ; or (3) by cuds in series with tlje 
• external circuit, when the dynamo js called a " sciies " machine ; 
or (4) by both shunt and series coil* in combination, a*met*lmd 
known as “ compound winding." 



The excitation of a machine from a separate and entirely external 
source of electrical energy’ is the most obvious method, and was the 
one first adopted *in practice, a small dynamo with permanent 
magnets of steel being used to furnish current, for exciting the field-’ 
mtgnet of a larger dynamo. Fig* 284* slants a separately excited 
machine, the electric circuit of the magnetizing coils being entirely 
• distinct from the circuit of Jhe mail] dynamo ; .in the diagram the 
main external circuit, Is indicated by incandescent lamps 
stftng in parallel across from the jx)sitivc to* the negative lead. 
The source of the magnetizing current is represented by a ba’ttery 
of* cells, but, oi course, is usually a separate continuous-current 
dynamo. The .principle i*s still * retained in connection with 
alternators, a separate; " exciter " ‘furnishing continuous current 
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(nr theii e xcitation, and in special cases of continuous-current 
dynamos when their qmgnetizatioy would otherwise Jend to be<?ome 
unstable. Thp calculation of the field-winding for separate 
excitation is made at once from equations (124-6). 

f 2. Shunt eiriUtion.- The second step in the order of develop- 
ment was made when it was fcUg^-sted that a part (if the electrical 
output delivered by tfce main dynamo might be used to maintain or 
increase the magnetism of its own field-magnet. 1 fiis was, however, 
only [Hftsiblc if the machine we refurnished with \ commutator by, 
which the current was < unlimited into a steady flow in one direction, 
and was thus remised suitable for magnetizing purposes. Two 
distinct methods wereTlum invented by which this suggestion was 
realized. • 

ByJhe first, magnetizing <yil> wen* arranged as a shunt to the 



external c ircuit proper ; Miu>, in big. 285, from the brushes of the 
dynamo two juiths, R t and A,, are presented, and the armativ'e 
current divides into two portions, the relative tnagifitudes of which 
will vary inversely as the resistances of R e ami R a ; while the one 
portion of the total armature current flows through the external 
circuit A„ wherein the useful electrical energy* is manifested, the 
other is shunted thn&igh the magnetizing cods, and both reunite 
to flow through the Armature. The voltage on the shunt is, \)f 
course, the same as that on ffhc external circuit, since the same 
terminal^ A and l\ serve for both. It the resistance qf the shunt, • 
R v be relatively Jiigh as compared *witfi A,, only admail proportion 
of the total energy developed wifi be absorbed in exciting the field- 
magnet, and this is the case under load, owing to the resistance of 
the eternal circuit being then comparatively lew. Hence tfie 
shunt coils consist of a large 'lumber of turns of small wire, and are 
represented in the diagram bv tinJ lanes. - 
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% f 3. Seriei ycritltioa —By |the second alternative met hock 
magriltizing coils are arranged iirs^fi^s with tin* external circuit, and 
the whole of thj ariftature current passes alike through Hie turns of 
the fiefd-magnet coils, R mt and the external ciryuif, R 4 {Fig. 286). 
A portion of the total voltage develop'd at the brushes is expended 
* in the magnetizing cftils, and the rj* maunder is available for useful 
work at the terminals, H, I>, to which the external circuit is^tpplicd. 
If the resistance of the series coils, R m , he low asVt mj>aied with the 
resistance of the external Circuit Jbc jvreertfage of e nergy ^lAorlred 
in the field will l>e small as compared with the useful output ; on 
tfiis account the series coils will usimlS be a few Huns of thick copper 
strip, and are so represented in the diagram.* I );e nuiul>er of ampere- 
turns on the magnet of the dynamo may l>c*the same whether if 



be slmnt- or.sei ies wound, since in the one case a small cunent flows 
through a Urge number of turns, and the other cast* a large 
current flows through a few* turns j and in both cases the amount 
of energy absor?x*d in securing any given number of amjH’reduins 
is simply a question of .the amount (if copjHM in tlie hel<J-c oils. 

§*4. Self -excitation. A further and most important step was 
next found to be "practicable, namely, the self excitation of thr^ 
machine, whether slmnt- or sei ies- won no. Mu* field-magnet of a 
dynamo is slightly magnetized, even whim the machine has ceased 
pinning ; it may then appear to be 'perfectly demagnetized by its 
failing to aVract, say, a launch of keys held n#ar the pobis, but a 
mqre delicate fe^lt will show fhateboth forged and cast iron or steel 
retlin a certain amount of magnetic flux (Chapter XIV, § 4)., The 
presence of this feeble residual fhfx is sufficient to start the process 
of self-cxcitatioft, lo that when the armature of either Fig.. 285 
or Fig. 286 is rotated, the active i:opdtictors cut the residual lines, 
and a small’E.M.F. is* thereby* sot up within the winding of the 
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armature. If the brushes are *' down " on the commutator an<F* 
a closed circuit is thereby mad>, this small E^M.F. sends a feeble 
current through the magnetizing coils ; the ampere-turns of the 
latter, although as yet they may be small, still serve to increase 
the number K lines passing through the armature, and these, as 
they arc cut by the wires, produce an increased E.M.F. ; the exciting * 
current 'is thereby in iurn increased, and its increase is again followed 
by a further increase* in the flux and .E.M.F. Thus the magnetism 
gradually grows, the mcremen's becoming’ less' and less as the 
iron of the field-magnet becomes more and more saturated. The 
time taken by the*" buildinff up " process will vary from a few 
seconds in a small mac tune to a minute or more in a large magnet, 
but after a short time a small increase in the exciting current 
produces very little increase i/i the flux ; finally, for a given speed 
of rotation the voltage and. exciting current reach a settled state, 
and the machine will run for any length of time, maintaining its 
own constant flux. Thus the presence of residual flux renders it 
unnecessary to impart to the field magnet aqv initial excitation, 
and the rontinuous-< unvnt machine becomes self-exciting by the 
mere rotation of the armature. One difference, however, between 
the shunt- and the series-machine will be afyparctot from- their 
respective diagrams. In thfc latter case the external circuit must 
lie closed before the process of excitation will begin, since the circuit 
of the field-coils is only completed through the external circuit. 
In the former case, if an external circuit of very low' resistance be 
closed on the brushes, so small a porti >n of tne feeble initial current 
will be shunted through the magnet-coils that the machine may fail 
to excite. Hence, in the shunt machine, the excitation is most 
quickly and surely obtained if the external circuit be left open until 
the magnet is thoroughly excited. 

It only remains to remark that even when a machine lias just come 
from the workshops, and is run for the first time-, .there is usually 
sufficient residual flux in the magnet, due to the effect of the earth's 
magnetic field or of other magnetic bodies uj>on it during the process 
of its manufacture, to enable it to excite itself. The first excitation 
may, however, require a higher speed than will be subsequently 
necessary, and in i f £ses oi large shunt machines, running .at 
slow speeds, separate excitation may have to be resorted to in 
the first instance. 

S S. Ifcergy sioitd in the excited field* —When once the machine 
is normally excite^, and is running under settled conditions, *he 
energy spent in the magnetizing coils is entirely converted into 
heat ; but during the process of creating the magnetic field a certun 
amount of energy* is absorbed, which is given back as the field 
demagnetizes. If the circuit cl a senes-wound dynamo be opened 
while it is running, the stored-up energy reappears in the form of 
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a spark at the switch ; (he rapid collapse of the lines of flux which 
circle through flic turns of thefceld-coiis generates a high K.M.F., 
which tends to keepup the strength of the current ; jnd if the field 
he powerful ami the turns encircling it be numerofis, the intensity 
of the spark is great. In the case of a shunt -won gel dynamo the 
opening of the external circuit doc^qpt interrupt the flow of the 
shunt current round the coils ; fhy stored Energy discharged at 
the switch is then chiefly that of the external circuit. Owing, 
however, to the fc*rge mnnlx*r of turns in jt he shunt* the effect of 
suddenly breaking the magnetizing circuit is even more marked 
than in a series machine. TJius, jf*a person accidentally lifts the 
brushes of a large shunt machine running *»inu>en circuit, the self- 
induced E.M.F. may rise to thousands of volts, may damage tlip 
► insulation of the machine, and, further, may give perhaps a. fata! 
shock. If the machine l»e running on a closed circuit, ^iv* of 
incandescent lamj)s, the jierson would*be less liable to receive such 
a* severe shock, since the so-called “ extra-current M is discharged 
through the # external circuit, and causes the lamps to flash up 
momentarily. In 4rder, therefore, toTqxjiftlie shunt circuit of*a 
machine when running, a shunt-breaking switch is necessary, in 
which at the ryomeqt of ojH*ying a noi^inductive re sistance is closed 
upoITthc terminals of the shunt. , 

, I 6. Determination of shunt-winding. ~~The application of the 
formula; of Chapter XVI to the design of the field-winding of the 
shunt machine is easy. Let V % be the terminal or external voltage 
Vhich the machine is required to give when supplying its full 
external current ; then tin* difference of potential on the ends of 
the shunt bis'* likewise \\, and it Is only necessary to substitute its 
value for V 9 in equations (124-5) in order to determine the 
necessary area or diameter of wire. In order further to determine 
thd number vf turns and weight of wire, it^is necessary to know, at 
least approximately, the rate in watts at which energy may lx* 
expended in the neld-coils. 

While, however, the necessary size of wire is rigidly ■IfV •rmined, 
there is, in fact, no hard-and-fast rule for deciding the weight that 
is to be used, and this must be left to (he designer's judgment. 
If a large quantity be used, the weight and cost of the machine* 
art? increased, while if a smaller quantity be used the heating of 
the field-coils is greater, and the efficiency of the machine is de- 
creased. A t further disadvantage vyhich arisen when tlw weight 
of copper is reduced is # that Ijieye is a greater difference "between 
th#*resistances* 0 } the shunt whed cold and \^ien hot, owing to 
its rise of temperature being greater ; this difference causes a 
difference in thejslnmt current for the same terminal voltage, and 
therefore in the •excitation and trjta] flux produced, so that when 

1 Unless thefe is a "rheostat in tireuit, as will be described in f 8, 

• . . * « 
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the dynamo rum^t a constant speed tlie E.M.F. induced is greater , 
at starting than it Rafter it ha^rif) for several hoftrs conti nimusly^ 
and has attained its final temperature. If t hi* difference l>e great, 
it will necessitate an alteration in the speed of rotation in order to 
maintain the correct voltage, or it must be corrected by meahs of 
a variable rheostat in series tyijh the shunt. Difference of tempera- 
ture is minimized by the willing of the shunt coils in separate 
sections with intervening air-ducts through which" the air is brought 
into contact With the more heated Central parts as in Figs. 280, 
281 ; but, on the other hand, it has to be lw>rne in mind that, as 
compared with a single coil filling tlyr whole of the bobbin-length, 
the lesser number of 'tun is and weight of wire are always obtained 
at the expense of a slightly lower efficiency. The settlement of 
the vate in watts at which energy may be expl oded in the shunt 
coils dt|>endti, therefore, >n their allowable heating, and upon 
the efficiency which the dynamo is to have ; from both considera- 
tions combined, experience enables ns to fix ii|x>n a preliminary 
estimate from which the completed design need differ but little. 

1'n practice, the loss of Vnerfcy in the field of a sf.unt machine varies 
from about 075 |mt cent, .of the output in a 1 ,t MM)- kilowatt machine, 
1*5 per cent, in a KM) kilowatt machine* to 7^or 8, per cent, in a 
4-kilowatt machine. The Jieating question will b<* more* tiilly 
discussed in Chapter XXI. If it 1 m* settled that II watts may l>c 
lost in the field winding, then IT \\ • 1 „ watts, and I t 
VJR„ whence the resistance of the shunt and its conqjosition can 
be at once determined. The preliminary result thus arrived at 
should only require such slight revision as will lead to the winding 
forming a complete number of layois. 

$ 7. Determination of a shunt-winding with two sizes of wir* 

As stated in Chapter XVI, § 18, there is only one diameter of wire 
which will give a s]vc¥iied number of ampere-turn** for a giVen 
applied voltage V x at its ends, if the whole of the roil is wound wjith 
wire of the same gauge. It is, however, ofteiTdesiied to make up a 
composite^ shunt winding out of two sizes of wires. Any size of 
shunt wire can be specially drawn, but for manufacturing reasons 
it is advisable to adhere to certain standard 'sizes of w ire which 
* are held in stock. Given tv o sizes, one of which is larger and the 
other smaller than tlfe correct diameter, they can l>e wound in shch 
proportions as to produce the*same magnetizing result as the correct 
intermediate sizc.t The use of two gauges of wire in series implies 
a different rate of heat -generation in" them owinfj to their unequal 
current -density, bdt in practice. 'if the two sizes do not differ greyly, 
this leads to no disadvantageous result. 

'£o, determine the * necessary proportions bj trial and errof is 
usually a somewhat lengthy process, and the calculation may bz 
much shortened by attention to tte »loilow;ing points; 
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V, x 1.000 XU 
04)2445 x l x x k 

When two sizes uf wi|t* are to lie employed, let the suffixes /, s, c 
indicate reflectively the large, small # and cowed sizes id wire. 
The t in rent though the coinbmation’of wires is , 

r/> \m 

\ l ji x A*, 1 1 x l xt s k $ 

<h m 1 '' % 

and this when multiplied by (/, j / ,) nnisKgjfr 


0-02445 ^ 


r, 



Front equation (1 
area inches ts 


.4 7\of an}* coil wound with wire of, 

a i 


V x 1,000 \ a, 

0 02445 / /, *7r 


Five turns*'/, and /’, must now be expressed in terms of the number 
of turns of either the larger or the smaller wire which will till the 
entire winding spacO of sectional area A. fcet the huger wire he 
taken and let / / be the'number of turns.iflf it which will till the 
urea /I . , * * 

I he true number of turns of the larger wire when a part A , of 
th$ winding jpure i'' tilled with the smaller wire instead of the Purge r 
wile is then 


& • 



a;»d the tint; iftimher of turns of the smaller wile is 


/• 


1\\ 


A ' <tr 


where ti 1( and <i y are the areas wliich one turn of each of the two 
sizes of wire oenqAes when insulated and alter taking into account 
the interstices between the wires. 

The total turns are therefore * 

i 1 X: .01 

v t • 

or since A t ~ T a . a u and A 7 / . jj u 

• • r; \ t.(i -/) • 

, » . • • # V a itJ 

~ T i i */ .jl 


Xii 

• J • • • 

since whatever the conditions of Wrjditig, a, is or </,* where d l i« 

the insulated 'diameter of the'wae. 
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Identifying k t , k„ and k„ it is found by sul>stit)ition that 

*’ i d ±y i « 

\dj ~l. 


T. - T,' . 


It -T/. 


f-y 


fj 

U 


■ mw. 


When the coil is di/ided into sections so that the mean length o 
a turn in each section is the same, and l Kl -- l M l xt > the equation; 
are immediately soluble, fls a general rule, it suffices in this case 
to calculate the relative wilths of the sections of the two wires. 
If y 9 the fraction of the net winding length (after deducting any 
radial air-spaces) which the small wire must occupy, 

• * ,J 1 

y$~ c ’ / fl \ 2 /,V\t it 2 _ A 2 ■ * 0 ^ ) 

1 


(du V (dj\\ VzAi 
\dj W 


d ,* 
2 


In this expression the differences in the squares require to be worked 
out with accuracy. ' 

But if one size of wire is wound above the other, ■— and — in the 

* ‘ 

previous equations must be approximately estimated, as roughly 
indicated below. Under average conditions of depth, etc., 


(a) MM the small site wound on the inside, 

> \*1 

. H 7 ■ 

U i 
0-58 

ami nearly right in si re . 
half and naif in depth . 

1-08 

0-91 

largo site nearly right . 

l«0J 

0-82 

(b) With the small site wound on the outside, 
large site nearly right . 

. 0-9-i 

117 

half and half in depth . 

. 0-91 

108 

small ."rise nearly right . 

. 0*82 

I0£ 


Since with the same winding length T oc w/^where n is the number 
of layers, the ratio Ixtfweep Ihetuimbers of layers of the two size* is 


Thtfmtio 




• ( d j\ t Jji 
* ». _ <ju • W* a. 


(132) 


need not necessarily exceed sinie if the smaller 

* 

wire is wound inside and will at a ctrtain thickness givfc the required 



SI&NT. SERIES. AND tOM POUND WINDING 553 


A number or mo^e than the reqtired number of AT, the function of 
the forger wire at its larger mfaif turn is to reduce the .47\ • But 
if this is the c^sc and the numerator of the above equations becomes 

negative, j must exceed which makes tip* denominator 

also negative. When the sizes are'ttius so nearly commensurate 
with their respe<ihve mean turns, rtu* eq\iatit>i\s cannot £e solved 
with sufficient correctness on the slide rule, the difference^. being 
<oo small to determine accurately ? It is therefore best Unwind the 
smaller wire outside, for purposes of calculation, since it is practically 
a matter of indifference which totirse is pprfsued. Under these* 

■ .. M\* ... , (J.Y 


circumstances 


always exceed; 


™ and ^exceeds ^ whicji 


gives a clue to the right values to (je inserted for* the rtitios 


The following simple approximate have Wen developed 

by Mr. R. G. Jakemau 1 to determine dirtctly the winding depths 
of the two si/.es of wire wWn one is \^ouhd a I wive the other. 

W-4f the lafge si*e is woiftid first 

X • 

• • — - l 4 . t) 45 1 * 

. x t a c - a, 

2. If the small size is wound first 


where x anti x 4 are the total winding deptli and the depth of the 
large size respectively. These formula* give* good results in practice 
foiany sizejjf coil, whether round or r<‘<t. jugular. 

When the wires as usual are not far removed from one another 
in\ize, the diffi*aic<fc are so small that the numbers of turns for a 
given depth of winding can be varied through a wide range with 
practically little effect oft the total .1 / which tin* combination yields. 

| 8. Example of# shunt-winding calculation. To illustrate the 
above, the winding /or the 21* x 11 * dynamo of Chapter XVI, • 
§$Vas a shunt machine will now be Vorkgd ouJ in detail. A shunt- 
wound dynamo is almost invariably,, furnished with a rheostat or 
Resistance in series with the magnet winding, Jor the purpose of 
regulating itf voltage ; the^oUs of sutli a rheostat can be suAessively 
th»own into orrnft of th<* shunf circiiit, and since* for a given voltage 
at the brushes the exciting currept can be thereby refluced m in- 
creased, the voltage of the machine can l>e dowered or raised by 
successive small* steps. It ‘will ^ a^umed in the present* case 

* "A Direct Method of Calculatyig$huift Field Coils having Two Gauges of 
Wire," EUctr. 21st Nov.^T919. 
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that a shunt rheostat is to be used, m that the electrical connections 
of the machine will be as diagramr»atically shown in Fig. 287, and 

V 

the current in the shunt is /, 1 where R r is the resistance 

* R$ "r Rf 

corresponding to the particular contact on which the arm of the 
rheostat rests. Uhder these circumstances at' full load, and when 
the macninc is heated after a prolonged run, it will be advisable 
to retain a sfiull margin of resistance in the rheostat ; in other 
words,' the full voltage *.t tlie brmhes wilf not be jsed to excite th** 
field-magnet. It will be remembered from Chapter XVI, § 16, 
that, when once t ho gauge of Sir int wire has been selected and the 
coils wound, the ampere-turns are not increased but rather reduced 
by winding on more turns, while a limit to the removal of turns is 
qujphly reached through the overheating of the coil which results 
Hut if one ot two steps of resistance in a rheostat have been held 

in reserve, should it 
become necessary 
make up any small 
deficiency in the cal- 
culated ampere-turns 
or do cover any vari- 
ation from strictly 
normal corditions, the 
last steps can be cut 
out and the voltage 
Ido, '287. -Adjustable rheostat in shunt circuit. thereby raised slightly. 

But on C 1 other hand, 

the difference between the terminal voltage at the brushes V b , and 
that applied to the terminals of the field-coils, V x ,i.e. the loss of vblts 
over the rheostat at fu)l load, or V b - V x , must be kept small, so 
as not to impair appreciably the efficiency of the machine. In the 
present case, 'therefore, V x will be taken as about '2 J per cent. less 
than V b , or, say, 225 out of the 230 volts at the brushes or terminals 
of the external circuit. 

With the same loss of volts over the armature resistance and 



v brushes as in Chapter XVI, § 9, the induced E.M.F. must now be 238 
volts, or slightly less’jhan lxtfore, since no part* of the field- winding is 
in .series with the armature ; the necessary flux is therefore = 
238 X 60 x 10 8 

a ■ -*6-35 X 10®, and the total ampere-turns on the 

nOU * • 


four poles to give«*hi$ fluxisfrgrS Ftg. 27#, AT f x2p — 4 X 9,500. 

The diameter of the pole being the inside diameter of the 
bobbin over the wood strips running axially do f wn the magnet-enre, 
affef the fasliion of Fig. 280, <will be A depth of winding of 
2J* may be assumed, so that tfie^mjan diameter of g central turn 
will be 12$*, and its length l € == rr x 12-325 inches «= 1*08 vard. 
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l. 9-875 -f 5 

With the assumed thickness if winding, T « « 1?, 

* § • 9-875 + 2-5 . 

and \(a = 0 925 — will be about 0-8. As will explained in 

"i • , 

Chapter XXI, if the coil were closely wound without any ventilating 
channels, a ratio of about 0-5 watt ^r squat e inch would give a 
surface rise of temperature of about 45° F., and the ratio of rtu; mean 
rise to the surface rise would be, say, 1-72, so that horn Chapter 
JLVI, § 18, assuming the tempt^ature of # the engine-room* to be 
70° F. while the standard temperature of the wire table is (S8 F., 


Vl*2/. 2 / f 2U 1 


1 53 lo 


k — 1 + 0*0022 X 79-5 - 1 175, and 

Since each coil has to give 9,500 amjvre-lunis, by equation (129), • 

9*5 

1 21 >:1l8 

• 

and with 2 ¥ depth of winding L ■■ 6 82*. 

• 

The above give* a first idea of the 
necessary length of coil, and will hold 
good equally in the present Vase wheifthe 
coils are to be divided up into sections 
with air-canals between them. The effect 
of this construction will be to reduce the 
value of k and at the same time to increase 
llie \Catts jH-r sqpare inch that may be 
allowed for the same surface rise ; thus, 
as in Chapter XVI, § 16, k may be taken 
as#l*16, and 0-64 waU j>er square inch 
may be allowed, the gioss length of coil 
being reckoned in the cooling surface/ 

It /esults that,«cven when two air-canals • 

each f* wide are added to divide the coil into three sections 
(Fig. 288), its gross length may remain 6-8*. It will b<^ assumed, 
therefore, that the above calculations or the known design of the 
magnetic circuit, it? in Fig. 266, have led to an axial length of 
pole of 7*3*, a surplus of J* being alltwed attach end of the coil. 

The several shunt coils, one on each pole, 5rc almost invariably 
connected in series, so that by equation (124) 



l-i c*. 2HH. 


, • 225 x 1,000 0 

• “ “ 38,080 X 1-08-X 1-IB 


4*72 ohms |>er 1,000 yards, 


and the necessary diameter of the shunt wire is by equation (life) 


d « 


0-176 


Vi - 72 


= ♦= 0-0813' 
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c The net winding length is 7-3 7 125 « 6*05', and each of the 
three sections will he, say, 2-02' bng In order to illustrate the 
procedure that would be followed in working oat the details of the 
coils, a winding W with the above single size of wire will first be com- 
pleted as follows. Tlie number of turns in a layer of one section will 
202 

be - 20*9. Strictly 'speaking, one turn must be deducted 

u-tww * *. 

from this quotient, which gives 19*9, ^or 59-7 per layer of the three 
sections.,. With a depth of about ,2-5* there will he 28 layers, since 
with allowance for bedding we have by equation (128) 

<>•9 x 28 X (r-0963' = 2*43' 

The total number of* urns <>n a complete bobbin will be, therefore, 
28 X 59*7 1,670, or 6,680 in all on the four bobbins. The mean 

length of a turn being l t '(9*875 } 2*5)tt 38 8 inches 1*08 

yard, the total length of wift* is 7,215 yards, and its resistance at 
68° F. 7 215 X 4*72 • 34 ohms, or when heated 34 ‘ohms y 
1*16 — 39*45 ohms, in order to give a total of 38, (KX) ampere- 
turns the current mikt be 5*7 amperes, coresponding to the 
assumed V x 225 volts, and to a loss of eneigy in the shunt winding 
at the rate of 57 X 225 ~ 1,280 watts u The perimeter of the outer 
layer will be (9875 }- 5 )rr 46*6', and the over-all length bit he 
coil htfng 6*81', the total cooling surface of the four coils (measured 
as in Chapter XV, § 5) will be 


46*6 x 6*81 318 

2 X 2*5 x 38*8 - 194 

512 X 4 


: say, 2,000 sq. inches. 
1,280 


As will be explained in Chapter XXI, the ratio ^ = 0*64 watt f>er 

square inch will, in the present type of construction with \Vell 
ventilated coils, give a surface rise of temperature of about 48° J 7 ., 
or sufficiently near to our assumed amount. The design may 
therefore be proceeded with, since the assumed depth of winding 
tallies witK the requirements in regard to heating. 

It will next be assumed that for manufacturing reasons we are 
’limited to No. 14 $.W.G. r- 0*080* diameter, and a size inter- 
mediate between Nos* 14 aid 1 3, say -085' diameter. The diameter 
of the double-cot ton-covered 1 wire with 15 mils insulation will be 
in the two cases 0*095' and 0*100'. .Substituting thyse values in 
equation (131), y, is 07, and in view of tne small difference between 
the wires, tjiere wifi be but little effect if its proportion of the t5tal 
lengtlh of the winding is reduced- to two- thirds. Three sections of 
equiaxial length have a good agpearanye, and i*wi!l then be feasible 
to avoid having to change the wire during the wanting of a section, 
the whole of the central section alone requiring to be wound with 
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the larger wire. In the two kinds of section 4heYc will then <be, 
* 2*02 • >02 

respectively 21 2 and j~j^ -- 20-2 turns^ per layer, or 

m ye* accurately with one turn deducted 20*2 and 19*2 turns. 
In order to bring the ends of the sections together for soldering 
and the ends of th£ bobbin as a wh<fte away from the end flanges, 
it is with three sections advantageous to have an even number 
of layers in the upjxT and lower sections and an* uneven ^number 
• of layers in tht central section* The firwl winding wil? therefore 
lx* arranged with the two end sections each of 28 layers of 0*080", 
and a depth in each of 2*4". Tift? centra^ section will lx* given 
27 layers of 0*085", with a depth of 2*4^f'. The mean length of a 
turn will In* slightly less than in the preliminary calculation, m\ 
say, l t 1*072 yard. In tabular form we thus have — 


No. of | 
Turns, j 


Yanis. 


28 layer* of 0 080 . 

27 0*085 . 

28 „ 0*080 # . 

• 

eg 

807 

<507 

556 

IYr N>bbm 

10. SO 

1214 

55(5 

In 4 lx>bhtns 

(.MOO 

4856 

2224 

/ per 1,000 van Is . 


4-8(5 

4*32 

iVsistancr 

i 

23*7 

9*7 

• 

1 

i 

i 

33*4 ohms. 


• The corrt?cted cooling surface shows so slight a reduction that the 
temperature w'ill remain practically the same as first calculated, and 
t Ijc difference in the rate at which energy is lost in 1)u* central as 
compared tfith the outer sections will not be sufficient to demand 
any further adjustment. • 

The total resistance of the four bobbins when hot will therefore be 
33-4 X 1 16 -- 38-8 nlyus, and the required amperc-tupis will be# 
obtained with an exciting current of 5*75 amperes. The exciting * 
voltage will then lx* 223*1, which falls within our assumed limit, and 
the loss of energy in the shunt coils at the rate of 1,280 watts will 
be 1*6 per cent, of the output, with a total* loss in Jhc shunt and 
rheostat combined at the rate of 1,320 watts, or 1*65 per cent, of 
*the output# of 80 kilowatt The weight of #ire will k* 283 lb. 
0^0*080" and J45 lb. ofi)*08^V 428 lb. on the^wholc maoiine. 

§ 9. External characteristic cum at shunt machine.-*- If a dynamo 
be run at a constant speed, and the resistance of its external 
circuit be variefj sd as to aber the value of the external currenfc, the 
curve connecting simultaneous ffcluesof the terminal voltage, V t , 

and the external Current, / # ,*for a given speed of rotatiop is knoypx 

* • * 
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as 'the external characteristic of the irachine for that speed ; since 
from it the behaviour. of the machine under varying condition^ of 
load can be graphically studied. If a rheostat is employed in 
conjunction with the field circuit, its resistance is assumed to be 
maintained constant, as well as the speed. The amperes of such a 
curve are usually plotted horizontally as abscissae with the corre- 
sponding volts as vertical ordmates. The two may either be 
obtained by difect measurement, voltmeter and ammeter being 
read off simultaneously, (»» the curv,e may be denvvl from the flux 
curves of the machine. In the case of a shunt-wound maciiine 

VolU, 

v. 



Flo. 28ft — Characteristic curve of shunt-wound djTiamo. 


the curve external voltage and current will be found to take 
' the characteristic form shown in Fig. 289, OLKD. The manner 
in which it may be derived from the flux-curves has. now to be 
explained, and first it svill be -necessary to consider the process by 
which the three curves of rig. 274 may be determined by direit 
experiment on a shunt -wound dynamo. 

From equation (44«) it follows that £ c for a constavt speed is 
always proportional to <h a . the numerical relation between the two 
depending upon th<;* nature of tKe winding and number of active 
conductors. In a slnipt dynamo c / a = /, 4* /« ; and E Q = V h -j- 
7 a (i^.+ R b ), where R b is the rgsistanc i of the t>r fishes ; whence 
°c V b 4- I 9 (R a + R b ). If,*%rtfore, F*be observed for different 
e^jtations^ the flux can be thenev deduced. The atnpere-tnrns 
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* V 

on ijie field-magnet are [ t x T r I $ — ~rr may fie* 

obtained by lyeasuring the voltage at the brushes 4 ml dividing it 
by # tl?e resistance of the shunt and jhcosta^ ; but for greater 
accuracy it is preferable to measure it directly by an ammeter, 
since the resistance df the shunt is continually altering if the machine 
is in process of warming up during 4 he tests. • 

When the external circuit is open, the only cun cut flowing is 'that 
•through the sluut. As a rule, Jbis is so #m.dl that / 4 /v\ Reaunes 
negligible, and l \ ami E a are almost identical. It, therefore, the 
armature be run at different sp«.<K and a suites r>t simultaneous 
readings of the speed, the voltage at thf brushes, and the shunt 
current be taken, a curve can be plotted frdm the readings whitji 
will connect <I> a and Al 9 \ the urnviture ampere-turns due to the 
shunt current alone being veiy smay, their influence on the held 
may practically be neglected. and the cuive thus obtained is the 
highest or “ no current ” curve of flux of lug. 274. Owing to the 
small amount of residual magnetism \jhich persists in the machine 
even when not oxcfted, # the flux-curve as tliiis piaciic.dly determined 
does not descend strict lv zero ; ^utMowards the origin curves 
n*yi\d slight h, and ends a little above zero (cp. Fig, 292) ; there is 
further a small difference in the curves according, as the leadings 
<tre taken with the excitation progressively inei easing or ) pro- 
gressively decreasing. To obtain the lower curves of llux for either ' 
m “ half-current M or " full-current,” the same readings must he taken 
as for the ” no-current " curve ; but between the readings at /su b 
different speed the resistance of the external eiu nit must be altered, 
•so that whfti the measurements are made for either cuive, the current 
tflrough the armature \/ a I , -f- I f ) has the constant value uquired. 
The loss of volts over the resistanu* of t^u* armature and brushes 
must now lx* added to the terminal voltage to obtain /: a . 

* • y x • 

Since ,47', ~ I' s , the potential difference applied to the 

/v. 


tertninals of the whole shunt-circuit , or 1 , r is a. 

A . 


AT,' 


when R 4 and R r are constant, as the ^a se when a machine 
lifts been running for some time and )ur> attained a steady 
temperature, and further, when the position of the contact -arm 
# of the slu^nt rheostat is jiot altered. If, tligrefoie, we possess 
the flux curves of Fif^. &74* tl^se can be converted ii^o curves 
cftinecting armature E.M.F. sftid exciting* voltage (or more 

R i R • v * * 

strictly V m X —tc — if a rheostat is present hi the sliunt 

• A| • • 

circuit), when Sbme fixed speed Is a burned. The full-line curves 
of Fig. 290* show tip* curt'e* of Fig. 274, thus converted # yn 
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tke assumption that in our dyn^jno the number of armature 
conductors is 450, % number of shunt-turns 1,6& per bobbin, 
the total resistance of the 4 bobbins 38 8 ohms, and that the constant 
speed of rotation is to be 500 revs, per minute. From the design 
of § 8, the rheostat must be given a resistance of 1*2 ohms at full 
, toad. ho that the combined distance of shun, and rheostat is 40 
ohms, at which it is to be maintained throughout. The armature 



A.T. par pola 

Fig. Construction for deriving external characteristic of 
shunt-wound dynamo. 

♦ 500 

E.M.F. is thus E*t= (fy *4S» . X 1(H *= <t> a x 37-5 x 1Q-* 

and when the exciting voltage on the terminals of the shunt alone 
is V„ the corresjx>*ding voltage on tha terminals of (lie shunt and' 
. „ + A* „ 40 ‘ 

rheostat ts^.x x -~ j - - = The lo^ lof volts o^r 

the armature when w;\rm at half-load is 3, and at full load 6 volts ; 
and(to each of these has to bg added the losS <^er the brushes 
which with hard carbon as ttoeii^mhterial may be taken as a constant 
ajnount == 2 volts. Curve 1 connect? £, or F,.* which has nearly 
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the &Une value, with V g . — - f when 7 # =^0. Curve 2 connects 

• a, 

Eg jjml Kg . — r when 7 4 has the *alue A % ( -- 18! amperes), 

and curve 4 connects R a and V s . - r wh *n 7. - ,! g# ( ~~ 356 

A # 

amperes). From curve 2 is obtained the dotted turn* 3. connecting 


V b and V x . 


R, J Rr 


when / 0 .lj amperes, by deducting from 


> — ' x • R ' 

the ordinates of curve 2 the^joft <tf volts o\ # er the brushes and 
armature resistance ; the vertical distant*?* between curves 2 and 
3 is thus throughout equal to .l,(7\ a | R b ) 9 5 volts. Simil.ii 1 
frcm curve 4 is derived the chain-d at ted nuve 5, connecting K g 

R } ~ R 9 

and \' x . * . f w hen 7 a the Vertical distance U'tween 1 he 

• A g 

two curves being then 8 volts. 

Now, sinct* in ^ shunt-wound inachirfc* I r 6 is the same as 

y ..f t. / ij u>sc ixunts on curve 5 (aucli as L or K) foi which 

R t 1 • • v ; 

the ordinate \\ the abscissa J' x . * 7- r an* the only varies of 

voltage whicii the machine would give when run at the fixed speed 
with A t amjx-res flowing through the armature ; and in general 

those points on <tnv curve Connecting K 6 and V g ^ ' f , for 
• , . f 

which ordinate and abscissa are equal, give the only possible values 

of Hie terminal Voltage far the particular armature current. Deduct- 
ing the shunt current from the total armature ( urrent, we obtain the 
* • , *230 volts 

external current ; thus at point K, I $ 7 - — p # 5-75, ^ 

> * 1 40 ohms * 

nearly 355-75 amperes, and therefore 7 g 350 and V 9 - 230 are 
simultaneous values oi external current and terming voltage. • 
All Such points are jpecessarily passed through by the straiglit line 
OH, which isnirawn at an angle of 45° fn-ni the axis of abscissae, # 
as g.g. K and L, N and M, I) and 0 ; and after deduction for the 
shunt current these may be plotted as pifrt of the external charac- 
teristic, as shown by the corresponding letters in the full-line curve 
of Fig. 289. • As the current is increased, the t\?o points |t which 
the^K* curve intersects Wie diagonal draw together, and the maxi- 
murft current is that given by the V b curve, winch is just totalled 
byjine OH as a tangent. 

| 10. Deductions from characteristic of shunt dynamd.Mt 

will be seen from Fig. 289 that Jop tlurshunt -wound dynamo running 
at any one fixed speed Jhere is a maximum value for tjia external # 
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' current which it can give. Owin* 1 to the heat which would tx 
generated in the armature winding by a long-continued passage ol 
this maxiimintVnrrent it may be, and usually is, impossible to work 
the machine at the point °of maximum current ; the maximum 
current, in fa cf, is usually more than double the working current. 
Apart , however, from the quc$tinc of the heat damaging the winding, 
it i^ for another reason inadvisable to work close to this point. 
After rounding tiie point of maximum current the characteristic 
curve descends very rapidly, anti almost in a straight line to the 
origin. Thus in the diagram (Fig. 289) the part OQ is practically 
a straight line, and this implied that for an external resistance 
OR volts 

• - .... the terminal voltage may have any value between 

OR amperes * J 

zerd and OS t volts, the external current correspondingly varying 
between zero and OR amperes; apparently, therefore, the machine 
might give widely different voltages although running at exactly 
the same sjxmmI on the same external resistance. But in reality 
the flux of the field is *t licit unstable owing to the voltage on the 
sl\unt not being sufficient to magnetize the iron properly ; hence 
if, when working near the point of maximum current^the resistance 
of the external current becomes lowered to a value below tharwhich 
corresponds to the maximum current, the machine loses its magnet- 
ism altogether, and the voltage runs down to zero. Tiie practical 
importance of t his is that if a shunt-wound machine be accidentally 
short-circuited when at work, or, in other words, if R e is reduced 
almost to ~~ 0, the armature winding is not burnt up by the con- 
tinued passage of an abnormally large current ; tin* (machine, on 
the other hand, becomes demagnetized and gives no current, 
although the driving engine may be running at a speed higher than 
the normal. 1 Neither vill a slmnt-wound machine -excite if an 
external circuit of abnormally low resistance be closed on it, so 
that it is unharmed if, when running alone, ite tctoninals are short- 
circuited through an accidental misconnection of its leads. For every 
value of t V external current except the maximum there are. two 
values of the external voltage, and which of the two. voltages is ob- 
tained dejxmds entirely upoq the resistance of The external circuit ; 
this latter is equal to YJI & or the slope of the line to any point, P\ on 
the curve, i.e. to the tangent of the angle made by OP with the 
horizontal axis nudtiplied by the ratiq of the scales to which volts 
and amperes are plotted, or simply lo tan a when V 9 and 7 # are 
plotted to tjie samfc scale. Theslope of the full-lhie curve betw'teen 
L and 0 marks the critical resistance of the external circuit for a 
spe$4 of 500 revolutions per minute ; at this ualue the magnetism 
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is unstable, and at any lowerfvalue the machine \Vill fail to excite 
orlfaaintain its excitation. 1 * * 

For each constant speed the same shunt-woumWvnamo gives a 
different external characteristic, Thu* in Fig # 289 the dotted curve 
shows the external characteristic of the same dynatflo at a constant 
speed <4 555 revolfitions per minutuiinstead of 500, and it will lx* 
seen that at the .new sp*;d the maximum current is increased. The 
higher the spyed the less is the slope of the ilesctqjding braifth of 
• the curve ; or, .n other words, #the smaller is the ciitica 1 resistance 
which the external circuit may have, without the dynamo losing its 
magnetism. • • • 

§ 11. Instability of magnetism,— Insfabiuty of the magnetism 
requires to l>e carefully guanled against in tile design <»f sell -exciting 


dynamos. Figs. 289 and 
290 show that the un- 
stable • port ion id the 
'curve between /, and O 
occurs when the flux 
lulls on the initial* trujght 
portions of the curves in # 
Fig*" 274, where the 
ampere-turns over the 
•air-gaps form almost the 
whole of tlie excitation ; 
heijee if the machine is 
designed so Huit tin- 
working munber of lines 
falls on tlie lower part of 
le flux curve wlieie it 



kniptrc turns per pole 
Fir.. 291. 


(ieseends rapidly towards ^ 

the origin; the magnetism of the machine as a self-exciting 
dynamo will*be lyislablc. Kveii if the field hob F its magnetism, 
a very slight variation of the speed will fffuse a large variation in 
the voltage — a result* which is always undesiiable, and especially 
so # if the machinej)e feeding lamps directly, llius in the case of a 
shunt -wouiill machine, suppose that its s]H-ed is raised slightly, tjje 
increased K.M.F. causes an increase in tljh cunent through the 
shunt, which Vi 11 again increase the flux and the and tlie 

lower down the curve of magnetization that the machine is woikcd, 
the great et is the effect #>f*ny variation in thT* shunt ci^rcnt upon 
tire E.M.F., mvlng to fhe mjfgnt't^being less saturated. 

A measure of the percentage variation in the voltage which 
Jollow-s from a certain percentage variation in tlie speed may he 
obtained by«the following construction. 1 Let 0<1> (Fig# 291) 
be a portion* of the flux qtfVc containing the working point 

* Cp. Poynder and tfimperis, Engineering 3rd May, 1901. # 
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corresponding to <t> lines at which i* is desired to investigate the 
K effect of change of sj>eed. The same curve with a different scale oi 
ordinates wiH also represent the voltage, or E ^ where k 

is a constant concerting lines of flux into volts at the speed of N 
revs, per minute. At the point 0 draw a tangent to the curve ; 
let it cut the vertical axis at making an angle a with the horizontal. 
'Hie equation to the tangent line is 4> -a -}- A" r tan a ;* and in 
the shunt machine the excitation is practically proportional to the 
armature voltage, or X -- cE a , where c is some constant depending 
upon the field winding. For a very small alteration of the voltage 
the working point may be taken moving up or clown the tangent, 
and for a very small bltdration of the sjxed k may lx assumed 
constant. Hence E a kX(<j> l f- cE a tan a). Differentiating with 
respect to the s|>eed r the rate change of the voltage when the 
speed begins alter is 


vn : rA 'h + c { s ik t + l ' : ‘) ta,, "| 

whence ^ 1 - kX tan p j k{(j> i -f cE a oin a) -- 

Since 0 - <f) x f- kcl Y<I> tan a, we have O (1 - kc.\ tan a) --- <f> ' * 

or (1 - kcX tan a) ~ 


there tore 

• X 

Multiplying both sides by ~ 

E a 

right-hand side. 


dja ,y a 

and substituting kX<b for on the 

* * « 


dP+ A 1 <1)2 

• lx x /•„ 

dli t 

• /i # fractional change of voltage <£• 

dN ~~ fractional change of speed * 



. (133) 


The percentage chartge oi the voltage corresponding to a given 
percentage change of the speech is thus directly given by the ratio 
and this must not be allowed to exceejl a certain linking value 
if instability of the voltage is to be^vpided.. It caji gnly be unity 
if the machine is separately excited. Fig. 291 illustrates the ca^ 
of the 121* X 11* dynamo which hus been above considered when 
giving !J2G volts on open circuit at # a no-lo^d speed T)f §15 revolutions 

. . . * ri .« *« . . 220 «x 60 X 10 8 

per minute ; the flux required* is ^h^n 4> a = -j -r » 

* 450 X 515 
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tsi 5-7 X I0 f C.G lines, and it ll|s been designed to \lork on a fairly . 
staftie part of the curve so as fb satisfactory under these condi- 
tions which would have to be met in practice. The ratio =* 204, 
an<J a 1 per cent, variation of the sp<rd implies a 24)4 per cent, 
variation of the voltage. As the working point approaches t lie origin, 
the rat iq rises.* and in practice* In order to avoid instability, 
should not exceed 3, so that thb change ofr the voltage* l>ecomes 



Fir.. 292, 


latter, it is especially m over-corn poun< led d\namos t l?at the safe* 
limit is likely*to bf approached in regard to the open-circuit voltage 
given by the shunt* winding. As # a^natter^f fact, the change df 
voltage for any cliange of speed is to a certain extent held in check 
by the hysteresis, which assists in 'maintaining the stability of the 
magnetisn^; but the determination of the ratit ( h <^ 1 affords a veiy 
useful warning the <]jesign\f \*hen in doubt as to the lowest point 
off the flux-curve at which it is s^ffe to work. * # 

A further disastrous consequence of designing a shunt-wound 


1 Cp. Bouche^tt \Tra*s. Intern. FJfit. Congress, St. Louis 1904* yol. 1, 
p. 669). who^ cafls Jthc ratio U-; Wtic variation of voltage, and 

recommends that its val/e should be limited to 2. # * ** # 
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. Machine to work on the initial straight portion of the flux-curve 
that, even when the external circuit is open and the machine is ru 
very nearly at4hc normal speed for which it is designed, it may b 
difficult to reach the proper excitation. When the flux curve i 
converted into a voltage curve, the diagonal must not fall too nea 
its initial part. As already * stated, the no-current flux-curve 
owing to the presence of residual magnetism, really ends at som< 
px>lnt on the ..vertical axis slightly above the origin. If now 2 
number of voltage curve* similar <e those of Fig. 2J0 are plotted foi 
several speeds, the points at which they cut the diagonal (Fig. 292) 
give the voltages for the different speeds, and these when plotted 
as in Fig. 293 show tkat there is a crucial speed at which the voltage 
, rapidly rises. Below this the effect is almost entirely due to the 
residual magnetism, and as in 'practice this is very small it has l>cen 
exaggerated in the diagram in order 
to render the matter dearer. If the 
dynamo is run up to its full speed 
before the circuit of ihe shunt is 
closed, then on closing the latter 
(and neglecting the secondary effects 
from self-induction) the rising 
voltage follows the upjx:r curve of 
Fig. 292 ; the voltage at the 
brushes is initially higher than that 
corresponding to the required excita-, 
tion, and up to a certain point the 
surplus ampere-turns continue to 
increase, after which they decrease until a condition of stable equili- 
brium is reached at 1\ If the dynamo run up to full speed with 
the shunt closed, the voyage follows the diagonal line, and a rapid 
increase is obtained when the speed reaches the crucial value which 
in our 21* X IT dynamo as a shunt -wouqd machine is about 
270 revolutions per minute. This crucial speed is determined by 
* the air-lins* and is easily calculated from the flux-curve as follows. 
In the shunt machine the ampere-turns are themselves dependent 
£ipon the voltage at the brushes which is nearly proportional to 
the flux at any given ^peed. * Hence AT, oc flux x speed, or spaed 
AT ^ 

oc . In Fig. 294, if be the working point at no-load with the, 

f AT t * / v 4 

designed speed N V N X oc —jp She> crucial speed Nq the ampeje- 

t urns are practically proportional <0 the air-gap reluctance, and the 
ratiq qf the two is given by any point on the aiiMi$e, and therefore 

by point Hence N 0 oc ~ ~ aftdt— ~ — «In otir case from 



Fig. 293. 
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the characterijtic curve of Fi^ 287 the open-circuit E M.F. at 5p0 
revolutions per minute is 245 roks, corresponding to «= §-54 x* 

• Y 5*»54 

10* so that.^s shown in Fig. 294, « y-r-r ss ^ 54 In other 

• * i *V 

0 •» 

words, the crucial speed ;V 0 -*=■» N x g- is approximately 500 X 0-54 
> • rl 

~ 270 revolutions per minute. • 

The crucial. speed is fc in 'act, immediately defiyable fiord the 
•constructional (fata of the machine as follows. On ojh#i external 


la C.CLB. IibmxIO* • • • 



circuit aUt^e normal speed the armature induced E.M.K. is 

• P ^ A 

i t (R a + R, f R r ), a »d * s also “ x ( ^a X % '< gjjX 1°' K . whence 

. x7 IAR a + R t + R r ) x 00 x 10* p 

*v a N l - : y x I he M.M.K required 

over the single aii -&q> of one magnetic circuit is equal to the product 

Ki 

of flux X air-gap reluctance, the latter being — 9 , so tliaj the ampere* 
• » 
• K . l q 

turns of aid-gap excitation are equal to ihe flux X ' ** eI V c 

* • # * * 1 

for the particular flux<^ 2 they are 0*8 Kl g . and this is also eqtial 

to 1 § T„ where T, is yie # number of shunrt-turns ii^ a bobbin 
joixespondiog Jo one,pole.\ The crucial speed is thus 

0-8 K . l g (R a -1- R t + R r ) X 6<Vx 10* • p . 


No" 




In our case 
ohms, and* 


€ p*= d, and R a 4- Rt H r -- 0 02 4' 38 # < 

IT, =• 1,64); as*inf Chapter XVI, § 9, t 


0 02 4 38-8 4 1-2 « 40*02 
the constant by 




It is evident from Ftg. 292 that the crucial speed is that for which 
<1 * ft E r 

the curve ‘of V b in relation to V n . — f (assuming that there is 

no residual magnetism and that th. no-current flux curve descended 
strictly to the origin)*., would be a tangent to the diagonal at the 
origin, For self-excitation to commence there must be some 
residual magnetism, but in ord r to reach the true self-excitation 
that is inquired the condition iV, > N 0 must hold. Failure to 
excite in this sense is seldom to 1 m; feared in practice with any but 
very small machines, except in the case of electroplating and similar 
dynamos of very low voltage. Yet even if self-excitation* takes place 
it is always impoitant, as has been already pmpnasiaed, to avoid 
instability of the magnetism and to design the machine so that it 
attains a definite and high degree of magnetism .vhen self-excding 
on the $hunt winding. It must therefore be worked fairly high 
up on tlie curves of flux, and in Fig. 274 the best portions whereon 
lo work fall within the horizontal lines marking 5j and~6J million 
lines respectively. These portions may be said to lie on the bend 
or knee of the curve, but it must be remembered that the apparent 
position of this bend depends largely on the relative seaje to which 
lines and ampere-turns are plotted. Another advantage of working 
high up the curve is that the difference of the ampere-turns of the 
shunt when hot and when cold then produces but small effect upon 
the flux and E.M.F. of themachine, since the magnet is' well satu- 
rated. Also, the vertical distance between the no-cujfrent and full- 
current curves decreases as the total flux is increased, so that the 
variation in <Jhe voltage of the machine between full-load and no- 
load is small when the magnet is strongly cxcitgd. If, however, 
thf working flux-density be taken too high, a large amoufit of copper 
will be required on the deld, and i/ for any reason the actual curv^ 
comes below the predetermined curve, it may be practically 
impossible to rewind the magnet so as to obtain a greater flux, 
so that carp must al^> be exercised not v to % exceed the due limit in 
this direction. 1 ** ' * * 

1 12. Fall of volts m shunt-wound dynamo, and its regulation.— 
It will already be apparent that mubh information can be obtained 
from the shape of the characteristic curv^ of the "dyiiamo ; in the 
i cp. Miles Walker, The Diagnosing Troubles in Electric Machines, 
pp. £46 and 293. • 
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case of a shunj-wound dynamdrun at a constant speed, we see tffiit- 
its E.M.F, is highest when thelxfernal circuit is open, and tire only 
current flowing is that through the shunt. When tlwexternal circuit 
is closed, and the armature current is swelled by the addition of an 
external current, not only does the loss of volts overfhe resistance^ 

, , * le arn J a,ure progressively imbeds* as the armature current 
increases, but tjre demagnetizing* effect of any back ‘armature 
ampere-turns yicreases.^ Hence not only does t he* ^citing^ voltage 
• at the brushes outlie dynamo fall, but the flux due to a givtn number 
of shunt ampere-turns is decreased. Owing, therefore, to the 
combined effect o^the two causes* iTainelv, the increase of any back 
ampere-turns, A 7 and t lie loss of volts over W*, ~f* A\, the character- 
istic gradually falls throughout the entire* working range of the 
dynamo. If, however, the armature \>c of low reMstancr, the in 
volts for any current within the working range will belmt small, and 
consequently the shunt-wound dynamo may in such cases 
practically regarded as giving a nearly constant voltage when run 
at a constant sj)eed. • # 

The shunf-wound dynamo of Fig. 289 Ims been above designed to 
work high up on the fhwcfcurve of ) vfell saturated field-magnet, 
s*tl'4it it affords * good example of the regulation which may be 
obtained under favourable condition* with simple shunt winding 1 
By' ‘ regukrtinn " in the present connection is understood the degree 
in which iftider different loads the machine approximates to a 
# constant voltage at the terminals when run at its norma] speed and 
without alteration of the ibeostat inserted in the shunt -circuit ; 
i.e, it is the rise of volts when the full load is switched off expressed 
*as a percentage of the full-load volts, From Fig. 289 it is seen 
tflat if the rheostat resistance is adjusted to give 280 terminal volts 
a^fidl-load«and at the normal speed of 5^) revolutions per minute, 
the switching off of the full-load with the speed maintained constant 
Will cause the \c*lts rise to 245— an increase of per cent. In 
practice this rise of volts is magnified by the difference between 
the^ no-load and full-toad speeds as fixed by the governor of the * 
prime mover. Wfcen a dynamo is driven by an engine and forms 
the whole oi*a considerable portion of the load on the engine, th« 
grater the output the slower will T>e thejspeed of the engine, 
even though ft is governed for an approximately constant sj>eed. 
.This difference of) speed between full- and no-load in an ordinary 
engine varies, but usually fanges \s*ith a good governor from 3 to 
4|>er cent, of *ht no-lojfd speW.* Jits effect is cumulative, since not 
only does removal of the full load cause the E.M.F. td rise for the 
s%me flux, but thf excitation is thereby increased, which again 
causes a further rise of volts. Sin#e any such rise of volts is* detri- 
mental to thg goo^ working o # f a,<&n*nfl station or other installation 
1 Cp. Miles Walker, locmcit., pp. 248 268. # # 
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ohnotors and lamps, the shunt machine is almost invariably suppliec 
with a rheostat of suijicient range to enable the terminal voltsmot 
onfy to be kept constant but even to be reduced at light loads. The 
least favourable conditions requiring the highest resistance hi the 
rheostat will occur when the machine is working at no-load and 
before it has become in any. way heated by prolonged running. 
Thus in the case of the 2T x 11* dynamo above considered the 
nectary resistance which the rheostat must provide is to be 
calculated, as follows. On the assumption that is to give the 
reduced voltage of 220 at no-load, at a speed of 515 revolutions per 
minute, or 3 per cent, above the. full load speed to allow for the 
governor range, a flu*$ of 57 X 10* lines per magnetic circuit will 
J suffice, and from Fig. uj\ tnis is obtained with 5,800 ampere-turns 
per pole, or with a shunt current of 3-42 amperes. The resistance 
of the shunt i when cold being 32 76 ohms, I t (R $ + R r )~- 3 42 
(32 76 + R r ) 220, whence R r 31 74, say 32 ohms, wljich will 
be divided up between a number of intermediate steps proj>ortionatc 
to,the degree of fineness which is required in the regulation, and 
with a current-carrying c apacity tapering approximately from 
6 to 34 amperes. 

While the rise! of volts on switching die full Joad eff varies ii\ a 
shunt-ymind machine from 7 to 20 per cent., it is evident that the 
fall of volts on switching the full-load on is with the se.me initial 
volts in the two cases considerably greater. Indeed, iPmay result 
in the machine becoming almost demagnetized, owing to the resis- 
tance of the shunt circuit with its rluiostat fully, inserted bearing 
a high ratio to the resistance of the external circuit, and owing to 
the loss of volts over the armature resistance and brushes with the 
full current. ' * 

g 13. Uses of shunt-wound dynamos.— Large continyous-current 
dynamos for central-station work, which supply current: at 220 or 
550 volts to a network of mains, arc often shijm-wound. The 
voltage at the station end of the feeders to the network is in such 
cases conveniently regulated by means of rheostats. For the direct 
lighting of incandescent lamps in smaller installations, shunt-wotmd 
dynamos are not so suitable, owing to the necessity 4 or constant 
attendance in order to regulate their E.M.F. according to the load, 
if a constant voltage is to De maintained on the lamps. They aVe, 
however, frequently used in conjunction with accumulators, and 
in such c^ses, by means of a supplementary resistance ic the shunt, 
they are arranged to charge accumulators during the day up ^to 
about. 130 volts, anil at night toVork in parallel with the battery, 
lighting incandescent lamps at 100 volts, the speed under the two 
conditions being maintained at ^nearly the same* v$Jue. 

For the electro-deposition* of metals, shunt-wouftd dynamos are 
employed t for a single electrolytic- btith with ift leads only some 
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four or five *olts are requirtd^ but several baths are commonly 
worked in series a correspondingly highcr*voltage. For charging* 
accumulators, and for electrolytic or electronjt^allurgical work, 
skunt-winding is alone suitable; if •the vdtage of the dynamo 
becomes less than the E.M.F. of the cells, or the cuTrent through the 
electrolytic baths becomes rev«rsecf through polarization at their • 
electrodes, the*direction of the Airrent rotii\d the shunt rqjnains 
unchanged, although i he current through the armature will be 
reversed. Tlu? result is that fife mac hi fie runs as a motor in the 
same direction as it did when acting as a generator, and therefore 
opposes a back E.M.F. to flic cJscharg^ fryhi the cells ; this back 
E.M.F. prevents the flow of a large t^irreyf which might burn'up 
the armature and also injure the cells. • • - 

* At high voltages the necessary dfuipetei of wire for a slyirrtnvind- 
ing on a small machine becomes very small, and fine* wire is not only 
expensive in itself, but the time and trouble of winding the great * 
length of it which is required become very considerable. Hence 
the maxinfbm voltage for a small machine which has all or most of 
its excitation provided by a shunt -ciifuit may be set at about 
500 volts, but in large generators o^ say, 400 kilowatts output this 
tna/ be raised tef 2,250 volts. 


• $ 14. Determination of ierie« winding. Series winding, although common 

in motors, iy but seldom met with in dynamos; yet for purposes of comparison 
with shunt-winding it will lx* instructive to work out the details of a series 
winding, its necessary size of wire and its disposition, especially as many of 
the practical considerations thereby brought to light will Ik* found equally 
applicable to the compound-wound dynamo that has later to lie discussed. 

Assumntg,*then, that it is desired to convert our 21* x 11* dynamo into 
a series-wTmnd machine without alteration of the armature, and that the 
^terminal voltage is stil)»to remain 230 at full load, an addition must be made 
to the armature induced E.M.F. in ord<*r to tover the loss of volts over the * 
aeries winding, With the same dimensions td jh>1o as in § 8, we know that 
a suitable tenth of coil and satisfactory heating conditions will Ik* attained 
jf we allow a lass of about 1,280 watts over the field* winding. The full arma- 
ture current non* becomes available externally, but as tins differs so slightly 
from 350 amperes the latter figure will 1 k> again taken, so that the external 
volts and amperes forming the output will remain unaltered. The voltage 
» , , , , v , , >.280 watts, 

expended over thejsenes-windmg must therefore not exceed - r ■■ — 

1 • 350 amperes 

3*65 volts, or TO ^er cent, of the terminal volts. When this is added, to 
the loss of 5*9 volts over the ar maty re tesistandl* and the constant loss of 
mbout 2 volts wver the brushes, E a must fijw tfc 24T55, and at the same 
full load speed of 500 revolutions pn§ minute the required flux will be 

G> tt » ^ 6*^3 x 10*, which will f«om Fig. 274 necessitate 

460 X 500 t | 1 

10,200 ampere-ttmis per j>olc. • • 

Assuming all tne 4 bobbins to be connected in seites, and the same surface 
rise of temperature, the required area of wire is th<*eforc 1'V equation (125) 

• 0.0244S >*10,200 x 4 x 108 x 1 16 ’ , 

t 3-65 x *1,000 , ** 0-344 square ,nc ’• * 

•.a. . .» * AT, 10,200 


0*344 square inch,* * 


• % • • 

and the number of tu^as per coft is T n 


10,200 

_-,29|. A*.gle 
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cmfhd wire of the necessary diameter to givt this section is ou^of the question 
owing tq the difficulty of winding it. S number of alternatives are, howesrer, 
possible. Thus in a 4 pofe machine twt> of the 4 bobbins may be placed in 
parallel and the pair in series with the remaining pair; the*jurrent in any 
turn will then be ‘halved, arn^ the number of turns doubled, but the 
section of each wif£ ncca be only half as large. Or all the bobbins could V 
current in each, being again halved, becomes 

are, ^iow<?ver, two objections to any 4 parallel 

conneation of the bebbihs, and these become of increasing importance as the 
number of parallel paths is increased. In tlft* first place, as«thc size of each 
wire is reduuitl-the ratio of tht copper ah*i to the space occupied or the value < 
of a diminishes, so tliat it may finally become impossible to find room for the 
necessary volume of copper. In thf jecon^ place, owing to the different 
location of the several oybbqis on tno machine they <nay be differently 
affected as regards the effectiveness of their cotiling surface, so that even if 
thgir resistances are exactly equHl when cold, they differ when hot ; the total 
•current ^then Incomes uneq*ually divided lx* tween them, and one or more 
magnetic ^ircuits may have a (jreJter number of ampere turns than the* 
remainder- a result wliich is especially disadvantageous with lap-wound 
armatures. For l>oth reasons, therefore, it is advisable to adhere to the 
arrangement of all the bobbins in scries. * ( 

Returning, then, to the series connection, a rectangular strip may be tried, 
double-cottou covered and wound on fiat-wise. Six layers *>f 4*9 turns 
per*laycr will give the requited ntimber of turns pox pok; ; tho thickness of 

the insulated strip must not exceed ^ , say 0-}*, and the thickness of the 

Imre eopjx*r will be 0 4 - 0 025 -•* 0-375'. The widtlv must therefom b m 
0 9 15', or when insulated 0-94*. Ip calculating the required winding length, 
especially with a wide strip, one turn must always be added to the actual 
number which each layer is to give, since the space lost from the*spiral way 
\n which the strip must lx^ wound amounts to the width of one turn ; hence 
in our case (nundxT of turns q 1) (width of insulated wire) (4-9 4- 1) 

;< 0*94 5-55*. Or vice vend, in calculating the number of turns per layer 
that can be wound within a certain length «Ae turn Vnust 4 be deducted from 

the quotient - NV * n ^ in k If the strip lx? wide the length 

1 width of insulated wire 4 

of coil be short, this loss of space amounts to an appreciable* percentage oi 
the total length. For this reason the proposed use of rectangular stnp wound 
flatwise, although it has in itself a very high value for a, does n^t lend itself 
conveniently to a subdivision of the bobbin into the three sfetions witn 
air-gaps betw<»en Jhem which is required in order to secure .the best results 
on the score of ventilation. Further, the copper even whearlivided into twb 
strips each 0*1875* thick, wound in parallel, will be # troublesome toVind. 

equivalent section of copper wound on edge, say 2 45' x 014', reduces 
*he above -uwfi turned loss of space very consideraHly ; the winding length, 
in order to give 29J turns per pole, must now correspond to 30 turns, or if 
the neighbouring turns ore insulated with strips of calico to tm thickness of 
0*160', the length must be 30 x ^16 « 4-8'. Whether a quarter turn can 
lx* secured depends upon Jrhcre the wfre is led on to or off the bobbins, ai\fl 
a half-turn is usually more convenient as bringing the ends # to the opposite 
sides of each bobbin and in line all nhind the rirde of the poles in a convenient 
position for connecting {pgether. In spite of the lower value of a the edgewise 
arrangement requires less space and Vs the b^Y* But the windiflg of a wide 
strip on edge calls for special tools and tkil in manipulatym, so that as an 
alternative a thin wide strip wound onHhe flat may be tried. The thicknelb 
• * 2*5* 

of the strip will be — * 0 083' when insulated with calico strips pasted to 

one sii<* or say 0*060' bare. The necessary •width is thel 5«75', and this 
may be conveniently divided into three sections each 1 *9' wide. The sections 
of each bobbin are coupled together mto «ai*llel where the connections are 
mafc to the yeighbouring coils by which tne several V>bbins are put in series. 


placed in parallel, when the 
h % o 

87-5 tfimperes. There 



S&UNT, SERIES, ANDKOMPOllND WINDING 573 

* 

Finally, therefore, each pole will be *wund with three sections, each containing, 
29$ ^urn» of a topper strip 1-9* ^ide x 0*060* thick, insulated to 0080*. 
The joint area of the three strips is *9 x 3 /. 0*96 0 342 square inch, 

^ OO r >44S 

and tjwir joint •resistance per l .000 yards is i*ti716 ohm. The 

• 9 * 34 - 

• 29-5 x 1'08 x 4 

resistance of the 4 bobbins in series is ** j ^ <^0 0716 0*00915 

when colj, or 0*00915 :< 1*16 « 0*0106 ohfh when hot. live loss of volts is 
0*0106 x 350 3^1, and of watts is 1/498 Our angoial allowance for the 

armature E.M.F., etc , may therefore be jiermitted to stand. The v*ight 
of wire is 11*55 :* 0*342 x k28 ^ 506 lb. It will thus !*> seen that* in spite 
•of the greater nunAer of ampere tur*s*whuh art* required on the deld for the 
series machine to give t(ie same terminal volts as the shunt-wound machine, 
the better utilization of the sp^cc whxjh results fr*>m the use of strip as 
companxl with round wire enables the Tame sut^d bobbin* to N* retained, the 
weight of copper contained therein being greater. • * 

Owing to the higher value of a with rectaifguUu*stnp copper as compare l 
with round wire, and in general owing to die fewer turt» of < ompai;itivclv 
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9 coils* since the watts jx*r cubic inch of total space should l>e the same for 
coils of similar dmfcnsioTis. If.^is usual in continuous^ urn-nt dyuamtft, the 
field-magnet is stationary, the current -density in the, senes wmdyig seldom 
.exceeds 1 ,000 Smperes per square inch, and on an average ranges from 750 
to 800 amperes ^jper square inch. 

Regulation of the series machine is effected either (<i) by a (hvrrtrr. or less 
frequently (fe^by alteration of the number ol turns through whit h the external 
cvftrcnt passe| (Vig 295). In the latter case theories winding is divided into 
a number of sections from the ends of which leads are brought out to the 
contacts of a regcU^ting switch ; by moving the lever of the utter the groups 
of sections are brotight iflto action or cut out one after the other. 1 his method 
is, however, seldom employed, since it can only be. adapted to give a few large # 
stem with consequent sparking at the contacts. , 

A more gradual change ran be obtained with a diverter (log. 295<i) ; this 
latter consists**)! an adjustable resistance connect* d in parallel with the 
series winding. By mewing the arm of the regulating switch over the contact* 
connected to the resistance, the amount wnuh ;s or parallel with the sene* 
winding is gradiAlly altered , thus by decreafc of tne ohms of the resistance 
a gradually increasing proportion of the ttital current is diverted away from 
• the series coils, and the field is correspondingly wcakqpd. 

§ 15. External charactarfrtft, of sorto-wonnd dynamo. -Tit* external 
characteristic o| the dynajjrio wh#n series-wound as described in | 14 for a 
sj%d of 500 revolutions per minute, is thown in Fig 296. It may be derived 
from the flux-curves of Fig. 274 in the following manner? Taking any (Current, 
I v multiply it by T the nuiqber of turns per pole in the series-winding, 
and then find on <he flux-curve for the particular current /, the coins* 

• * P X A X iV 

spondmg to the? exciting power, * Thence /* « fl ■ ^ x 

can be determined; th^oss of volts over the resistance of t\\p armatqae,^ 
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.bto«h <*, and scries binding «/,x (tf/4 /?* + /?J, so that V $ corre- 
sponding to a value o f / # •» / t is (A* 4- 4 a0< * **** 

1 spending point on the ’external characteristic can bc^ plotted. Next, take 
another value lot* ( 0 , and in llic same way find the corresponding value of 
V ' and so on until sufficient points have been obtained to draw in the curve. 
If only three or fi^ur flux-curves are to hand it will be necessary to interp<Aate 
or add other curves in order to determine the characteristic throughout 
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l'lO. 296. -Chatactessstic curve of series-wound dynamo. 


a large nuigc.of currfnt. Thus tke curve fc>% |ths of full current will fall 
approximately midwav between the <^ina& for lialf and full current, but 
slightly nearer to the* former; the back ampere-turns <ff the armature arc 
leas ak three-quarter?* than at full-load, owing to the decreased current, and 
the proportion of leakage is thereby decreased. 

The shape of the external characteristic for a semesground dynamo*!! 
widely different from that for a shunt machine. Since ute external currenl 
is also the magnetizing current, it ifsemblcs in the mafh a curve of flux 
But if the external current can be progflisstvely nysed by lowering the resist 
• Ace, a point 4s always finally reached at which the«U*rminaI voltage decrease! 
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at the external current is increased, although this point is usually well beyfhui 
th^worldng range of current. The tall of the external characteristic is due 
to the loss of volts *>ver the misUufbe of the arnfature ami > series winding, 
and to the demagnetixing effect of any back ampere-tujits on the armature. 

former loss is directly proportional to tf»e current, while the effect of the 
back ampere-turns increases faster than the current, the other hand, 



Fig. 297. — Method of deriving cxfrytaJ < ItiMclemtic of series* wound 
dynamo. 


• • • , 

the increase in the total flux ft bv no means proportional to tnc imreasc in 
ghe exciting f>o*er of tfoe fiela ampere-turns. Il^ice the induced K.M.F. 
mes less and less rapidly as the current is increased, *nd after a ccr^un point 
the increase in the induced E.M.F.adoes not so much as compensate for the 
•increased loss qf writs over the resistances of the machine ; the external 
characteristic ohrve therefor# attains** maximum height, and theft**; bends 
gradually downwards. » , » 

If the brushes have ^ fixed portion the descent is very gradual, as in the 
case of the small series-wound dynamo illustrated in Fig, # 297, whitW*a|fo 
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shoWs bow the external characteristic for a series -wound dynamo may be 
graphically constructed. 'Fhe oj>cn -ci-cu-t flux-curve of the dynamo- ii 
first converted into an K.Hf.F. curve for the given constant speed, as shown 
by the upper dotted curve in Fig. 297, For any particular value of the 
current the ampcrc-turny required to balance all the effects of armature 
reaction, including,, the increased leakage, may be expressed as k.Al\ 
where k increases as saturation is approached ; this again may be expressed 
by the equivalent number of am pci os w K ich with the given value of »ne field 

k A T 

turns 7‘ m per pair of poles yield k.AT a , ie. ^ a . The dotted curve 


h.AT ’ * » 

marked is thus drawn* of whitlvlhe scale in amjieres to the right 

of the diagra^n is equal to the horizontal scale of abscissae, Inclined to the 
horizontal is then drawn the line OL, <v!*ich t'> the volt scale at the left hand 
of the diagram measures tb»; loi i of volts' over the resistances of the armature, 
brushes, and series coils tor any particular current. The induced K.M.F. 
of .he armature for any value of the current is then derived by hading a 
series of points such that their horizontal distance from the upper dotted 
curve is eq-<al to the corn-Hfxmdin'j ordinate ah of the curve OM, and at the 
same time such that they fall on tin vertical from the particular value of the 
current in question. From the curve of the armature K.M.F. F. a so derived 
has then to lx- deducted the loss of volts AC corresponding to each value of 
the current. If the brushes are given a greater angle of lead as the current 
is increased, the back ampere-turns of the armature then rise faster than the 
field ampere turns, and gradually overpower the latter, so that the actual 
flux may diminish. The curve of the armature F M F. then begins itself to 
bend over, and the descent of the carve of the external voltage is rendered 
much Steeper. • 1 * 

The external characteristic at any other speed is obtained by simply 
altering tfio height of the ordinates ; the slide rule is set up for the ratio of , 


the speeds, and the calculated values of f. a are altered m proportion to the 
alteration of the constant sj>ced. 

$ 16. UlM Of series-wound dynamos. Series wound dynamos have been 
chiefly used for the electric transmission of energy over considerable distances, 
when <Mo or more generators are employed* to supply current to similar 
series won nc^ motors through a single series circuit ((hap. XXjJh 2); and 
also for high- pot< u tial arc lighting. v 

For running a numlx-r of arcs m series since a nearly consent current is t 
required, the drooping external characteristic is a distinct advantage, ami on 
this account the series-wound machine is worked oil the descending portion 
of the curve. If the resistance of any one or more lamps be decreed owing 
to the car Urns lx*ing fed together, or if a lamp lx,* entirely cut out of circuit, 
the momentary increase in the external current is then avc&mpauied by a* 
decrease in the terminal volts; this helps to bring tHb current back to its 
normal strength, and although it cannot be sufficient to make the machine 
entirely self-nV«lating for constant current at varying potentials, it tenijs 
in the right direction, and leaves less for the automatic constant-current 
regulator to do. Thus in the constant -current dynamos as formerly used for 
art? lighting the drooping characteristic was expressly exaggerated. 

• w * v * 

| 17. Compound winding.— ty the case of a shunt-wound dynamo 
with armature of low resistance its terminal voltage, although 
approxiinattly constant over tf considfcrKble range of current, 
necessarily falls. A constant voyt<ffce # over ‘the fall -range of ^ 
dynamo*s capcttity oneven a voltage rising with the load is, however, 
essential for most purposes, and this requirement can be closely* 
fulfilled by the compound-wound dynamo •( Fig. 298). *If a dynamo 
>e shunt-wound to give a certafh voft^e^at no-load^and $ie magnet 
^ ie addition^ wound with a certain numbef#of turns connected 
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I 

in series with the external circuit, then, as the load is increased, 
thecurrent flowing through the series, or as tjiey are also sometimes t 
called “ maiq," tlims, will progressively increase the excitation. 
Nowf this increase in the excitation i>e ma^e rfot only to balance 
any increase of the back ampere-turns, as more load is thrown on, 

but also to increase the total flux through, the armature. As a 

• * • 



• Vtt,. 29H. t fHiijxMimi wnuiul dynamo. 



consequence the induced E.M.l*\«is fhcreas#d, and when properly 
proportioned ftiis increase may be inadcflo exceed the loss of voltage 
over the series-turns sufficiently to* comjxmsate for the increased 
loss of volt* over the armature resistance, and flhishes* thus while 
the annatureJE.y.F. rises with the load, the tenyinal voltage remains 
practically constant, however the current be •varied* over a very 
considerable range. The # ext<*mal characteristic Is therefore 
practically a straight line throughout the entire working range of 
current In the compound-w^feid dynamo the shunt may, in 
fact, be regarded* as jrovidfng a certain initial flux and voltafe ; 



a/o 
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*h<&e latter are maintained and reinforced against the combine 
,» causes' which tend to. reduce them fc by means of the series-turns 
the exciting power of which varies directly with the external current 
The connections of, a compound-wound dynamo may be arrange* 
in two slightly different ways, shown dia grammatically in Fig. 299 
, By the first, which is, also shown \p Fig. 298, and is known as tin 
“ short-slumt ” method, the shunt is placed across the brushes o 
the machine, and t tie voltage acting on it is \\ V § -f I § R m 

the current flowing through the series winding' twing simply tin 
external current /,. By the second, or “ long-shunt " method, tin 
shunt is placed across the terminals of the external circuit ; tlu 
voltage acting on it ft thfcn V tf while the whole armature curren 
, 1 a I, } /, flows through tfie series winding. Of the two method: 
the first is the more common, d>ut their practical difference is no 
very important. 

As regards the winding of the two sets of magnetizing coil; 
on the magnet bobbins, the series may be wound over the shun! 
or vice versa, but it is pnore convenient that they should form 
separate coils. In the latter case, however? care must be taken t fiat 
the equality of the turns on Inch pole is such as to suit the necessities 
of the armature winding. Thus in the multipolar* machine tl?c 
series-winding may be confined to alternate jxdes if the armature be 
wave-connected, but if it be lap-wound all tlie poles are preferably 
’similarly wound, each with its probation of shunt and wries-turns, 
$ 18. Over-compounding.- -A constant speed and a required 
constant voltage have been tacitly assumed abeve for the compotind- 
wound dynamo ; but such are not in strictness the ordinary con- 
ditions of working, owing to the drop in speed between ifo-load and 
full-load which results from the governor range*, and Which averages 
from 8 to 4 per cent . of the no-load speed. Apart from t|jis mechan- 
ical lowering of the speeif, there is also the electrical lass of vofts 
over the main* leads between the dynamo and Jhe load, which 
increases in direct proportion to the current passing'. If, therefore, 
constanUpotential is required at the far <*nd of the line (as, for 
example, in a factory with 220-volt incandescent lamps or motors fun 
directly from a dynamo some distance aw'ay) the ftynamo must 
give a terminal voltage of,* say, 230 volts Mien supplying full 
current in order to allow fbr the loss of potential 6ver the leais. 
When, however, the load is very light, the dynamo must give little 
more tha$i 220 volft;, and for*any e^erpal current between zero 
and the maximum^ he ext ernal # voltage should rjsein proportion 
from 220 to 230. • Hence in such :i case the compound-wotrfd 
dynamo must give a lugher voltage at /ull-load than at light loads, 
and that at a lower speed. The desirad external characteristic is 
thus a straight line, not hortzqfitfch but slightly inclined upwards, 
o^as it is^ termed, the dynamo is be ovctjCOftipounSed. 
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To give the required voltage at no-load, 0 0 lfiusl, as in § 11? 
>7 X 10*, and frenfthe ifoxurfeyt* curve o^ Fig. 274 we se^j that 


1 19. S mnpte ol oknlattai ot compound winding.— Let m , 

suppose that the 21 # X IK dynamo of Chapter XVI, §9, has to be 
compounded ty fulfil the following conditions : at $00* revolutions 
per nllnute, V 0 = 230 volts when 1 0 ^ 350 amp&res, and at 515 
revolutions V 0 « 220 when l 0 = 0, i t. the voltage is to rise by 10 
volts while the speecMrops al>out 3 percent. as the load is increased 
from no-turrent to full-current. 0 • » • 

11? be 

‘ se^j rhat the 

shunt-winding must then give AT tX ~ 5,8tKI ampere-turns, At 
full load, allowing a loss of 8 volfcs.over the /rmature and brush 
resistances (as before), and of 1 volt ovit ttyr series-winding, th^ 
induced E.M.F. must be 239 volts ; the fotaj 'lumber of useful linev- 
> t<v give this E.M.F'. is 6 38 X U)*, ;pul, as calculated in Chanter 
XVI, §9, thoexcitation required per ]xite to give this Jlux is*. 1 1 f 
9,750 airjpere -turns. At full load the exciting voltage on the shunt 
i* 231, if the machine has a 44 short -shunt " winding, and the 
ampere turnxdue to the shunt are then 

r„ .X .fci 


■ 17. s .17;, x 


r. 


s.wkiX 


22(1 


(>,()90 


M # 

The ampere-tian.s winch the Vries-winding must produce at full-load 
are therefore A T f - AT# 9,799-6,990 3,6(10, and the ryimber 


r>f series tuns is T„ 


10} ]h*i jiole 


AT„ 3,660 
l 0 350 

* Assuming a total loss of about 1,280 watts in the held, and a 
depth of winding tof 2^5 inches as in the previous case of the shunt 
machine, \n^ have still to settle the question of how to divide the 
total winding space between the shunt and series coils so as to obtain 
the best results. * 

The shunt and series coils will be arrang'd as shown in Fig. 281, 
with the senes winding in a section below the shunt, the depth of 
wifuiing being cases as nearly as possible the same so as to 

give a neat appearance to the complete bobbin. Under these 
conditions it is cvidenMhat, in order to obtain an approximately ; 
uniform temperature rise over the length of the bobbin, the loss 
per unit length of winding space should 1><* approximately uniform ; 
i.Ct if L t and L m are the axial lengths of thejshunt and series coils 

# IF, IF*, 

Respectively, and IF, and W m are the Vatts lost in them, — -- t” 

% L t L m 

l ip* f • • t 

or ^ r?r~.» Iu Chapter XVI *5 18, it was shown that the watts 
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•of in the present case, since tfce depth and the length of 


the mean turn are to be tne same, ff„oc - 


(AT)* 


La 


Hence 


AT; 


h\ 


~~ and finally — w J~~- Theiotal winding length 


of the coi| being L, the correct length for the shunt«fnil is thus given 


by the relation 






• 1 1 . j(f_ m 
AT„4'cr? 


or [., L x 


1 


With cop|H;r strip 

j 

winding, a m will lie 


AT„ fa 


unity, 


1 + A 

\ I 

for "the series, and round wire for the shunt- 

higher then a,, and /—will be greater than 

"V a t 

AT. 


1 085 Al \ a (?,090 

say, / 7 119. Since ... - 166, the 

'V 0*6 , , A l m 3,ncH)** 

fractions of the total wirtding length whiMi should be assigned to 
the shunt and series resjiecViwdy are 0*665 and 0 335. If any great 
‘departure from this ratio be contemplated, the ‘lendeVicy shor.ld be 
in small machines to assign 'more space to the series-winding, so 
as to reduce its loss of watts, since this loss lias the indYrect effect 
of increasing the necessary armature E.M.1\ and the alfnjvre-turns 
to give the corresponding flux in large machines the opposite 
« u • ■ 

1 The sir t inns at the top and Imttoiu of tin* coil will actually t>c cooler 
than the central section, tmt in the atmve this effect, due to th* poling influ- 
euce of t ho end surfaces, has be»*n neglected. On this latter approximate* 
assumption, since in equation (129) the second trim on thV‘ left-hand $kfc\ 
namely, 2 lJ* is not taken into account, it follows at once that, in order to 
satisfy the heating condition, the axial length of any coil or Oart of a ojil 
expressed in terms of the ampere-turns which it contains is h 

‘ /v/ 


i' '< "" Ik IT, 

•22S \<J Vf/V/* 


and since impur present ease, with the shunt and series 
lifferrn 


the only difference 


Ixtweeti them lies in a, we have 
1-. AT, 


oils wound abreast, 


A 


r'fe 

1 m ▼ CT # 


Further, the current -density ii* the two kinds of winding is then inversely 
proportional to the square root of {* in the twq, cases. 

If the series coils are wound over the shunt, or riff trrsrf, there is a further t 
difference in that the t*ean length o{a turn and^hc mean temperature of each 
division ofnhc* coil must depend upon its ribsition. Let t t , A l it k it a i refer 
to the inner coil, whether shunt or ^ites,*^, A T 0 , a% to the outer qjjl, 
and lctJ>,-, p o he respectively the inside and outside perimeters of the complete 
coil ; then the minimum watts with e, given space to be filled are reached 
ivhen the ratio of the depths is « « m « 

•o ■ T- K 

^th circuli|r bobbins of which the inside diameters d and the total radial 
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course is better. When the tot%l loss of about 1 ,280 watts is dmie4 
1 in the above* proportion, the respective amounts are H’ r *= $$o 
and W m as 430 ; <he latter corresponds to a los^over the series 
winding of f 23 volts, which is thu<^ higher titan the allowance 
thht has been made above. The difference is, .however, but a 
very small percentage of the whole # and since a division of the 
winding into three equal section?; ^onducysjn the neat ifppearancc 
of the coil as a whole, the total winding length* of will 1 h? divided 
# between the sfhyit'and Series in^tjte propqftion of §*: J. * 

The resistance which the shunt wire must have is horn equation 
(124) ... 

, 220 X UK) * „ • \ t ♦ 

“ " 5.8(H) x 4 x M« x I Ifi “ > Vr Var,ls - 

1 and the necessary gauge is therefow* to be obtained by the dse ol 
wire 0-064* diameter with a small atpount of 0-072**wire wound on 
one of 4he two sections. When the two siz.es are insulated with 
•12 mils of double cotton covering to 0-076* and 0-084*. in each section 
of T axial length there will be 25 2 ayd n 8 turns |H-r layer respec- 
tively, whife the Vcqyirtd depth of 2j inches will Ik* given by 36 
layers of the smaller size # and by aglifision of the second seel ion 


• • 

e 


♦ Turn* 

)MT 

■layer. 

Turns 

I*-r 

section 

If 111 

yards. 

Yitrds. 

! 

. . , lib layers of 

0-064 

0-064 

007? 

25-2 

25-2 

22-8 

906 

627 

228 

1 -OK 
101 
1-225 

1 980 
| 685 

i 

! 

! 

! *280 

• l’er bobbin# . * 

In A bobbins # 
c u per 1.000 yards ? 

Resistance * 

* i 



1761 

7044 

*4 


161$ 

6460 

7-6 

49-1 

55-84 

280 

1120 

6-01 

674 

ohms 


into 25 layers of t lie smaller and 10 layers of the larger wife. I he 
racial depth of the 25^ layers will be 171* and the iru-Ai length of , 
a turn n( 9 8J5 +d-7\) inches - 1 01 yard. Similarly, the depth 


Pi 


d|pth is t, the nitio 


. and *vitl? rccUn Jhlar bobbins of which the 

d -f 2 1 0 

A { 7? 

two inside dimensions are A and H, • ^ ^ H \ nt ^* ncc ratios 

and — vlry to some extent Hi opposite < 

l. P ° * • *AT, 

reduces approximately to =* ^ T Y^ w 

ltrge 
produces 


directions, the rat lb of the depths 
m as before# In actual pnactice a 


percentage difference in tfce value assigned to the ratio of th^ depths 
ices but a Uhall percentage differtnee in the total watts, so that even 


an approximate division will not (£&o»tlft watts to exceed* the minimum 
appreciably. • • • * 
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aljhe outer layers ol the larger jrire being 0 79*, the mean 
length of a turn is #(9-875 f 3-, 4 076) inches 1*225 y^rd, 

* . , 220 
When hot, R t =» 05*84 X M6 =t= 65 ohms ; thence I iX =- — =» 3*38 


amperes, giving A T tl ~ 5,950 and 745 watts, whity 


65 

231 

65 


3 55 


amperes, giving A T n ' H,250 and 820 watts under the full-load 
condition. There is therefore a small margin in hand. The total 
weight of the smaller wire U 240 lb.>,id of the largef 53 lb., making 
293 lb. in all. 

The series coils are fy consist flf'wide copjH-r strip wound on flat- 
wise, and insulated with intervening strips of thin calico. The width 
frtay be nearly equal to' What of the finished section, say, 1*9*, since 
the whole is to be bound over vith cotton tape and the insulation 
bewcen the layers need not extend round the edges. Since the 
several sections of series-winding are to be connected in series from 
pole to pole, in order that the start and finish of each coil may be* 
on opposite sides of the ,*>ole, there will be 10 J turns oer section, 
and the depth of the winding will correspond to 11 turns. The 
1 * , 2*5 

. ♦♦hickness of each turn when insulated must therefore be,— 0*227'; 


and allowing 27 mils for the insulation between neighbouring turns, 
Jhe copper strip is, for ease in winding, best divided tnto two* 
thicknesses of 0*100* wound together in parallel. Its area is there- 
fore 1*9 X 0*100 X 2 0*38 square inch, and its resistance per 

002445 4 

l ,000 yards at 68° 1\ o/ - ------ 00645. The fot il length 

U vO ^ 

that is required is 42 turns x 108 ----- 45-4 yar\ls, and. its resistance 

0 0454 X 0*0645 ------ 0-00293, or when hot, R m - 0 00293 x 1*16 

0*0034 ohm. When cafvying 350 amperes, the loss of volts ovtfr 
the series winding is thus 1-19, and of watts is 417, while the weight 
of the series winding is 200 lb. The total lossdn the field-winding 
$t full load is 1,237 watts or 1 *55 per cent, of the output ; it is 
rather less than in the corresponding shunt -wound machine -. a 
result which is due to the better utilization of the space with the 
rectangular strip of tl\e series winding, while the a of the shunt 
winding has been kept'up to the same figure, even though the sufc 
of wire is smaller, by the employ ment of a thinner insulation. The 
total weight of wire Js correspondingly greater, namely y 493 lb. 

In ordefr to compensate for dif^rejtces of temperature of the 
compound-wojund dyViamo it is convenient to insert in series wi£fc 
the shuht a rheostat/just as in the case of the simple shunt machine, 
but of piuch smaller range. The difference betwvrer the resistance 
of the shunt itself when hot $nd'i*!hen cold would fcfe compensated 

by the addition of an external resistance of 10 ohms } but since, 
* t . *■ 



SMUNT, SERIES, AND*COMPOV t ND WINDING 583 

when the whole machine is the armature voltage w\ncb*\s, 
required at full-load to give volts at fy; terminals will be 
reduced to a^out €38, and only* 9,500 amperc-tugis -per pole hre 
needM, while the series winding still gives 3,660, the shunt current 

* 5,840 . 2:41 

must be reduced t (\ ----- ~ 3 3 anjperes ; whence H 9 + R r ** -,y t : 

^ 1 ,7o 1 | 4 • J'O 

5 = 70 ohms. The maximum resistance of Hie rheostat ftmst then 
be at least 70 - 55^ - 15 ohtyis. * # # 

• | 80. Necessary # imperfectioni of compound wiadW.~rXlt hough 

a dynamo may compound perfectly at full ami no-load, it will not 



do so with tSqual accuracy at intermediate tints. This is dtjp 
partly to the flux curves l>eing rotyndtd betv**cn the woiking points 
of no and full load, as, e.g. between the ifmits of 5-7 X 10* and 
, # 6*38 X 10* lines in Fig. 274, and part lv to the fact that when the 
brushes hawe to be given iofyard lead in the ab&nce ofjcoyunutating 
poles, the ba»k %mperoturn^at«hjlf-cunent arc somewhat less than 
hilf the back ampere-turns at full-current, and those at (juartcr- 
^urrent less than half of tjiose^at half-curnent , and so on. 1 The 

1 Even if the»%rushe& are retained #in a fixed position the effect «of tlw 
armatare reaction in increasing the feakagi helps to prevent the rise of the 
flux in the compound -won nd macl^e from following the rise of the gnrrent 
ct proportion. / # # # 
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effect of these two causes is seen in Fig. 300, which shows a portion 
of the flux-curves pf Fig. 274 m tn enlarged scale. At no-load 
(or practically po-load) the working point of otu* compound- wound 
dynamo Is C, and at full load F ; since the length GK gives the 
increase in the;impere- turns, when the current is increased up to 
full load, the increase in the ampere-turns at half-load will be 
GK . v 

(rfl, and t ho corresponding on the half-current curve is 

HL. Bui, for perfect corupoundingionly HM lines f.re then required, 
and the result is that the voltage is rather higher than it should be ; 
this, of course, increases the shunt-current, and the excess voltage 
i.-v thereby rendered even greater. If therefore the terminal voltage 
■*■**> correct at no-load and at full load, it is higher than is required, 
not qnly at half-load, but at all Wads between zero and the maximum. 
The excess voltage is roughly proportional at any jn>int to the 
vertical distance between the full line ( LF, and the dof.ted line 
(MF, from which it will be seen that it is greatest between quartei 
and half-load. In order,. to minimize this imperfect ion^a compound 
machine should be worked as far as possible on the lipper part of 
the flux-curves ; the higher tte working limits, the flatter and more 
horizontal do the curves become ; and the effects <a the ureqir.l 
spacing of the intermediate curves, and of the increase of the shunt- 
excitation, are lessened. But in slow-speed machines, in an 
* 18-kilowatt dynamo running at 250 revolutions per minute, the 
percentage loss of volts over its electrical resistance may amount to 
about 8 per cent, of the terminal voltage (3 per cent, over the 
armature*and brushes, and 2 jxt cent, in the series coils)*; allowing 
a further loss of 3 jxt cent, in the leads between the dynamo and 
the lamps, and also a decrease of 5 per cent: in the* speed of the 
engine at full-load, it wi|l be found that <b a at full-load is IT l.X 
105 M7 times the no-load O a , although the amount of over- 
compounding i§ not great. In such a case it is practically necessa.y 
to work the machine on the rounded knee oi the magnet ization- 
» curve, since, to work higher up would require, an excessive amount of 
series wire. It results that slow-speed machines and those which 
tyave to work over a large range of voltage compounff more or less 
imperfectly, and the terminal volts for any current between J and 
f of full load may be from 3 to 4 per cent, too high.'' In machines 
running at comparatively high speeds the voltage should not exceed 
the requiyd amount by more than 3 pffr tent., even at Che point of 
greatest difference. 1 % • • • < « CJ 

Machines with small magnets compound less perfectly than those 
with large magnets, and multipol&rs \yth their greater number of 
smaller magnetic circuits show in general a greateripercentage rise 

# • • 

1 CPs Milos ’Walker, Tfw Diagnosing mf f roubles in Flectriqal Mat hints, 
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at intermediates loads than wojjld large 2-pole dynamos. Differ • 
enoes of temperature also consi<&rably affeot^ the perfection of i 
the compounding of a dynamo ; if worked on the funded portion 
of the curve at no-load, and if the temperature cf the field-coils rises 
during working 50° o{ 60° F., a machine designed to compound wheh 
hot will give too high a voltage a 4 ; no-load^and, in genera), as the i 
temperature of the dynamo changes, the relative yalue of the shuntr 
and series-turn* is altered. S*y:h effects can, as mentioned ^above, 
iV compensated 1)V inserting a'small variable resistance in the 
shunt circuit, which can be gradually short-circuited as the dynamo 
warms up during working. In otlir cases^wlyfre it may be necess- 
ary to alter the amount of compounding tv mey? different conditions? 

( a diverter can lx* employed just as with a •series-wound dynamo,*** 
or the series-turns are connected af intervals to contact-blocks, 
which enable some or all of them fc> l>c short-cinluted by the 
i^sertion^f a plug. Since the compound-wound machine is usually 
required to excite itself on open circuit, the same precautions must 
be taken agajjist instability of the magnetism as in shunt machine*. 

Traction generators are very frequent lyVouiul to give 500 volts 
at no-load, and are thcn'ever-comjjgunded to give 550 volts at 
fufl-loAl, so as to balance the loss of volts in the transmission line. * 
Compound winding is also largely eYnployed in the dynamos of 
isolated insl gllatioas, as for driving motors in a factory or for the 
lighting of steamships, in order to maintain an approximately 
•constant voltage on the motors or lamps under all conditions of load. 
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THE Fl/J* -DENSITY CURVE ON NO-^OAD 

, # I. The: Salient-pole: Machine < 

«. . * <* ° < 

1 1. The determination of the flux-density com over a potoyttdi.— 

Given a salient -j>olp machine finder design with a total number 
pf ampere turns A Tty ol' excitation on each pole, it is not possible 
^to pre-determinc thc«spadal distribution of the flux, i.e. the flux- 
density over a complete jKdg-pitch, without in the first instance 
assuming on$ or other of ‘two closely related sets (if quantities ; 
and the accuracy of the assumption must subsequently bjj checked 
when it can be compared with the final result obtained by its mcarra. 
If found to be inaccurate, it must then be corrected apd the process 
repeated, until agreement is* finally reached. The necessity for the 
initial judicious guess-woak jven for the nb-load condition follows 
for the reason now to be given, and the same pcce*sity alsq holds 
when the armature carries current. 

In Fig. 301 the M.M.F. of a field coil, AT f in ampere-turns, *.[» 

• marked in a circle on each pole. If 2 /17’ c be the ampere-turns 
required to pass the flux from one bifurcation plane CD in the 
armature core below the teeth to tli£ next (bifurcation pland EF, 
the magnetic potential of the core in ampere-turns wilj be 4- AT t 
at the bifurcation point under a N. pole, and - AT C at the bifurca 
tion point under a S. pole. Either value wiU decrease numerically 
as we proceed from the bifurcation plane towards tlje interpolar 
plane of zero potential, find at each point x the potential will have 
some lesser value ± AT CX . The positive and negative values of 
the magnetic potential at the surface of th<? arirfatute will under 
t( each pole^be numerically higher by the ampere-turns expended 
4 over the reluctance of the teeth AT U . The magnetic potential 
of the N. and S. pole-faces will then be respectively -f- AT r and 
-AT,, where » « • 

Ar w = dT„ + AT ia + AT 9m « 

* or AT W -AT" =* AT tm + A T gjr 4 

If 2 AT* bo the a Aipere-t urns* required to carry the ffax from one 
pole through the ypke to the nqxf p6le, thte potentials at the rppts 
of tho N. and S. poles are respectively - AT 9 and + AT 9 ; as the 
flux passes down through the N. ‘pole# its potei^ial is raised by the 
M.MtF. of the exciting coil ATf less the loss AlV over the pole 
from - AT, -to + AT f , while LS*it pjisses up through the Sk pole, 
tk$e ‘potential is correspondingly P raised from - AT, to + AT r 

586 . 
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Hence a second expression fos^the potenfcal of the pole-face is 
'obtained from the yoke side is • . 

- •AT t ^AT,-AT,-AT m : , • 

# • 

All* the above symbols have reference ’to out# half of a magnetic 
circuit, corresponding to one pole, while the complete circuit calls 
( for X f ^ 2 A T t ampere-turns of txciAtioi^ • 9 

Now AT W , AT ^ and A T ex are a f first unftuiwiy since the tytal 
flux has not l)*en exactly determined. Hither then the total flux 
Imust be*assumecffiom which to Calculate AT, and A'J m and thence 
to determine AT t . err AT, must itself he assumed as an initial 
datum. There is then only left flu* nec^sit^ either to guess the 
value of AT e and thence by gradual mjpdqrt of it step by step 



flu\ is remojed from the core to obtain /Wi' cx , or to assume initially 
a certain distribution of the flux and by calruhUion from the 
gradually increaJng tiore density to estimate provisionally the value 
of AT Jut each point (cp. Figs. 327 and 329). In both cases the # 
coined ness of the assumptions can only be checked at Ihe end of ' 
the process, Iptt it fc surprising how quickly such “ trial and error ” 
solutions converge on the true result. f # 

^ 2. The 0016 -density curve on’no lQiwL~4)n no load from con- 
siderations of symmetry the plant* of zero magnetic jwitentfial 
‘ ’passes radially down through the centre of the infc*r polar gap between 
two main pol^, or down tho*cejdre of a commutating pile if such 
b^)resent (as sl?own dotted in Ftg. 301). Ott of the yoke total 
ampere-turns 2A T 9 , the expenditure will be* similar for ’equal 
distances on eith*r%ide of thi zero plane, and so also in the arqiature 
core fgr symmetrical points the npWijcal value of ±AT tt will be 
the same. Starting from the.i? ; iurcation plane which must jn 


m chapi$r xvm 

unload fail in line with Aie centie ^hthe pole-face, at or the specific 
AT per cm. length of path increase, at first but skn>ly, but a* the * 
flux-<knsity in the^&rmature cere grows, it begins to rise very 
rapidly toward? the pole-edge and then remains nearly constant 
oyer the part of the'interpolar gap where the fringe is we^ik (Fig. 
302). Conversely the integral of the curve or AT eM as we proceed 
in the opposite direetjoq from the interpolar line of symmetry to 
the pole-face centre rises at first rapidly and then becomes nearly 
flat under the f>ole. « * * * „ * 

As an example, in an 8-pole machine with toothed armature of 
diameter 45 ins. - - 1J4 2 cm. \yitji a pole-pitch of 45 cm. the polar 
afc was 33 cm., leaving wi interpolar gap of 12 cm, so that c ■= 6. 
The equivalent air-gap length Kl 9 ~ Ml x 0*795 -= 0-882 and 


,-AT/cm • AT 



Fn;. 302. A T C over half magnetic circuit in armature core. * 


with a normal B g 8400, .17* 
this density in the air-gap 


g 5900, while froip Fig. 303 fyr 
, 0*08/ X 8400 _ _ 

Ar> ■ 1 257 I 582 ’ TJ ' C 


total flux oven the polar arc would then be 8400 ¥ 33 = 277,000 
per cm. of armature core-length, and with allowance for the inter- 
polar fringe, this was increased to 294, (XX) as the actual total flux 
' of a pole-pitch per cm. of core. With deduction for insulation and 
air-ducts, and a depth of core 4*5 ins. « 11*4 cfn. boJpw the teeth, 



core of 17,300, for which the per cm. = 72. Thence AT § under 
a pole was estimated at 390. '£he magnetic potential of a pole-face* 
was thus «r f - AT, + AT t + AJ e £&0Q + $ 80 + §90 *= 6870. 

If now the density in the aif-gap at interval? of 2\ cm. erfter 
half tfle pole-pitch, ^obtained fron^equations (134) and (135) of the 
following section, be entered as shown irf column 2of f Table X, the fltbt 
collected in each interval gtf$i in the intermediate row^; the 
actual flux in the core at the pomtsvvand the density* B* are then 
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as shown in the 4th and 5th ^olumn respectively, opposite to tJJje 
•values of x. The average at ovtr a section is given in the t inter- * 
mediate rows. The teeth of tftelarmature bdfig 4 cm. long, tjic 
mean* diameter of Ihe core below the teeth is lj4*2-(8~f 11*4) 
§4*8.. A cm. on the surface of the # armat*re therefore corre- 

* 94*8 • 

sponds to 1 x y ]4 .f ~ 0 *83 cm. lengll^in the centre of the core, and 

2\ cm. on the surface correspond fo 2*07 in the poo. Multiply- 
ingthe averagers hv 2*#7, aftd sujnming up the products, the value 
•of AT CX at each point x is reached in the l;fst column. # 


fAHL& # X. # 

AT, over Armatork CorW* 

r I « 


H.ii j»-r an. taigth 


. * 

cm. irom 
inl/Tpolar 

"A 

o! corr. 

AiMn! T«>t r» I in 

IVnRtv 

*f # # 


AVf'TMp 
>tf <-.l 

* 

X2.07. t 

A7 rr 

tmirt. 

ft 


jn *c< turn. 
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, 715 

148 


0 



147,000 

17,35 1 
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| 3. The air-gap flux-density curve on no load. -From the 
bifurcation plane the flux-density in the air up to a dHtanco of /•, 
from the pol^-edgf is 


l*2iy 


AT; 


A J\ X ~ AT< 
Kl t 


1 2571 


17 ; 


AT tl 


KL -f :* f , 


(134) 


» where is the reluctance of the teeth coiresjxmding to a sq. cm. 
of cross-scftion of the in#tlfe air-gap, x.c. fow a#peripheral 
width of i cid, cm the zfrmature'Wface and an*axial length of 1 cm. 
along the armature. No attempt is here made to determine the 
actual undulatign* of the fh*x curve due to the varying density over 
teeth and siotf at the armature surface or at any other leveVin the 
air-gfp. But *tj}e smoothqfl-^ut cufve of density* is obtained, 
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t 

frtwn the area of whic^ the total^iux is correctly obtained. So 
r important is the prying reluctanoe of the iron teltli that i» the 
toothed armatyre if is best to Consider the effect $f -f TA t and 
-AT f in relation, not to tlu^ar mature surface, but to the cylindrical 
surface of the pore St the level of the bottom of the slot£. T^iis 
may conveniently be done by calculating the equivalent reluctance 
of tooth per sq. cm. <*f*path in f tfte air, which is in series Vith the 
sihgte gap. TKhs if is the average density over a tooth-pitch 



in the air-gap, the centre of^the tooth-pitcli being at point x, the 
equivalent tooth relucfancctin sefies with the air-gap is — * 

tooth X /, 1 *257 A T ix 


S' 


mean H over 

- • 




w m »— 

| 1 • • 

From the data of tlifc machiAe dimensions a curve such as Fig. 303 
(which*refers # to the* machine of §2) can be plotted for the tooth 
reluctajice per sq. cm * of air-gan for varying gap densities, and by 
reference to this values of and &tm which are iru agreement can 
cjt^ckly be found for any va!ue*of V2I7 {AT* - AT 99 )t 
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Within the yiterpolar region!|t has been^stated ih Chapter 
§ 6 (b) that the counter effect fcf^he adjacentjkde dies awa$ from < 
its vjilue on *he idterpolar line of symmetry verj» nearly to zero 
at .the opposite pole-tip, and the rat t^of thi^ decay may approxi- 
mately be assumed as uniform over the half interpolar zone. The 
rcsultanj flux-densfty on the armature surface in the interpolar 
gap for any distance x from the pohr-corne^irp t o x y= c wfiuld then, 
if the armature surface \yore throughout at zero potential, l>jr clSsely 
►represented by 1 • * • ♦ 

( tn tn' x) 

AT '\-&T*r*i\ r w;‘\ 

where £ -■= 0-9y and takes into accounting inclination of the pole*, 
otlges to -the armature surface, andjn' is the correction factor for 

e// f . # • . • 

But tjie above approximation, as also the accurate solution of the 
ideal case upon which it is based, departs from the actual facts in 
assuming thgt the armature core is throughout at zero potential. 
In reality dh the ime side of the inff>rp<^(ar line of symmetry flic 
armature core is at a varying ]x>si^v« magnetic potential AT er , 
l*ung # the ampere-U ,rns expended over the armature core from any^ 
point £ up to the interpolar line of symmetry, and oil the opposite 
■tide it is#at a varying negative potential - AT tt . The effective 
AT over tfce air-path for flux from one j>ole is thereby decreased* 
to (AT r - AT eg ), and we are justified in assuming that the counter 
effect from the* opposite is proportionately increase^ the 
effective difference of potential becoming - AT, - ( \-AT fB )~* 

► *~ (AT, f- # Ti eje ). Next, the resultant A T fr re(|uired by the tooth 
inductance is ‘that corresponding to the difference between the 
forward coptponent flux from one pole and the counter component 
from the adjacent pole. The necessity ftff employing two different 
values AT" upd A T* ix in the numerator for eftch component 
separately is A ond* avoided by inserting in the denominator of 
each item a term for thy true tooth-reluct atice. 1 he fimj expressing 
fo? the interpolar fringe from r - 0 to x t ihus becomes — 

\m (4 T, - A T fx ) w' jA T y + AT tg ) # x ) 

4 f* + Kl. 4- • £t t A7.lt- c) 


1-257 


( 135 ) 


[fr~i-A7, -} % xz • fc t 

► An approximate allowance for can alone l>e made in the first 
instance, Wit as soon as til# pol$-<*>rner is leff behind ^ density 
f^ys so quickly that the tootl! rdu^tance becomes practically almost 
a negligible quantity. On the interpolar line of symmetry r# «* fn\ 
vanishes, and^aiso AT m , so*that the resultant density is zero. 
No lines ente/or leave through the armature surface, lnd the 
direction o( tfie # real flux jusj; the tooth-tip tangentially 
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!f fflri this manner a dole approximation to the fhu^density curve 
r over a # po!e-pitch ontyvload can Ifc /hade when the varying undula- 
tions due to 111# movement of slots and teeth afe not immediately 
required. 

# 

II. The Noty-SALIENT-POLE Machine 

1 4. Th ft distributed MU-windjng of the non-sali$nt-pol© machine. 

—Ilf tlie cylindrical Voter of a non-sali^nt-pple iftadiyie the exciting 
coils are ymbeaded in sjots whielv are (list ribiitef! over a certain* 
portion of its periphery. The number of shits and the fraction a 
of the pole-pitch ovcr^vhich theny arc spread vary in different makes, 
bv.t the practical ranjjc fif variation is not great. Concentration 
-'>f the winding in a siifgle ^.ot or in a very few per pole would be 
favourable to tlie production a large magnetic flux for a given 
value of* the ;ynpore-turns of excitation. Hut the possible width 
and depth of a single slot are limited ; it open and wide* it will 
cause exaggerated tooth ripples, and the accumulated mass of coppef 
will be difficult to secure mechanically and to cool effectively. With 
an* increase in the numfipr di slots the intervening tteth greatly 
assist in conducting the hea*L W> the surface where it may he carried 
r jiway by air driven through the air-gap, 'and further, when the slots 
are partially distributed, a greater number of ampere-turns can be 
accommodated per ]>ole. On the other hand, if the winding i? 
'distributed over the whole of the pole-pit eh, the imuA turns are 
comparatively ineffective, so that nothing is gained by making it 
extend over more than 80 per cfnt. of the pole^itch. 1 A com- 
promise must therefore be struck, and usually the wquivl fraction 
of the pole-pitch falls in practice between the limits of a ~~ 0*6 ' 
to a — 0-8 with from 6 to 10 or 12 wound slotn j>er pdle. 

In these circumstances the unwound pole-centre may be uniformly 
slotted in order to maintain the same magnetic relatioif to the air- 
gap as holds oVer the wound portion, but more iijfaally it is left 
unslotted (Figs. 234 and 235) as giving the greatest permeance, or it 
thus smaller grooves closed by magnetic wedges to give a smooth 
' surface, such grooves being used for purposes o{, axial ventilation. 
Qn the average then it may be said that two-thirds only of tin? pole- 
pitch are wound, one-third of th$ pole-pitch forming a pole-cent$e 
which in a minor degree acts like a salient pole, and, so to speak, 
holds the flux more or less bound to itself. 

§ 5. Tha tr&pashrin ol M.MLF.— Wltfr* the exciting ‘winding is 
located in two or more slots per gob, fhe sides of the*spacial cuqjp 
of the plotted in relation to one pole-pitch developed on 

the flat are stepped, and when th b fraction a of the pole-pitch \ 
only i$*wound, the curve has a flat top extending dVer 1 - a of the 

f , ‘ • fc 

1 Co. Dr. S. *P. Smith, " The Non-$alt,u* Pole Turbowltenfitor," Joum. 

Vol. J7 % p. 56:1. * - 
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pole-pitch. In the extreme c^js of a wining perfectly unifornfly, 
distributed over the pole-pit ch«oivr =» I, the JjfM.F. curve pfcr pole < 
is a triangle, of height IT m f2 in ampere-turns, whe^p / the excit- 
ing Ainrent and T m is the number of conductors per pole, and if the 
windings closely concentrated in one slot per pole, i^is a rectangle of 
the same height. Between these twojimits lie all the intermediate 
cases of # practice k Since the M.jS.F. risea^tjeply at the%ame rate 
within each sl<^t (when uniformly filled) as we passJypm one wflll to 
»the other, a con in non sly slojlii^line may without imuji error be 



substituted for the Stepped sides, as shmwi dotted in* Fig. 30 4, and 
a regular trapezium cf # M.M.F. as at ting on the half ma^dir circuit 
corresponding to ^ pole is obtained. 

\ 0, Alloe&tion of the MLMLF. to component parts of the magnetic 
q^cuit. — This M.M.F. has then be -ul lotted in proper proportions 
to the several }>aits of the magnetic circuit— &ator core, stator teeth, 
air-gap, rotor teeth and rotor core.* As in the case of the salient- 
pole machine (§ 1), in orefcr^o determine the sltape of ;hc # flux -curve 
either the A J expended ovcAr^or and^stator cores, or the maximum 
flux through the rotor core, must provisionally be gpessec^ at the 

outset. # * 

Of the two,Wt is best to- assume the former, thence to determine 
approximate!/ the total flux, *n<j lastly to check .the first as- 
sumption, before*pio6eedin^V Kh more detailed calculations. •Pjpm 
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% considerations t of symmetry, *|>n no-loa& only *one half of # a, 
pole^pitch necKl be considered • «/ < 

Stating from appoint opposite to the pole-ce*trt , the curves 
fos the specific AT (cm for the stator its integral in the 



Fig. 307. — AT expended over component pajts of the magnetic 
• • eye flit. • # 

* ® * * S • 

reverse direction resemble those of Fig. 30l2« The experiments of 
# Mr. Carl J. Fechheimer already mentioned in Chapter XIV, § 12, 
show that iif*a deep stator core the flux distribution » # almost 
simfcoidal; ll therefore the sfetor -pole-pitch is divided up into 
^small yections, each, say, ^ Electrical degrees, andjhe nuteipiuiri 
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^density averaged over the half cojl^ection is taken is the staging* • 
1 pojnt, the value of tit density attach step of 5® therefrom is found 
in proportion tif yie cosine of the angle in electrical degrees ; thence 
the specific AT /cm isiobtainld from a B-H curve for the sh$it-st£el, 
and when sumfned up, AT t9 (or any distance from the plane of 
' maximunj flux or zero ^otcrfual.* The ampere-turns AT{[ for the 
stnt(jr teeth opposite the centra of each rotor tf^th are obtained 
from a airve similar to Fig. 303, but are comparatively unimportant, 
as appear# from Fi$. 307, ' * 

The rotor core is treated by division into sections corresponding 
to rotor tooth-pitclu^amj hounded by equipotential surfaces after 



Fig. 308 . — A T g and fi g of non-salient-polc rotor on no load. 


the manner of*Fig. 305. Tlie specific AT / cm or at for each section 
.toll depondem the density of the flux in the*rot,or core as affected 
by the presence or otherwise of axial ventilating hojes or ducts 
tllrough the core ; but usually it is found to remain fairly constant 
from the plane of max0num flux up to the last tooth-pitch befoi% 
the ^equipotential plane A/f across the neck of the pole-centre. 
When this is closely «y>proachcd, the density and the specific AT/ cm 
rise very rs*pidly, as shown in Flg.»306^ ## the integral again yields 
a continuous curve parked as ArT* n in Fig! 307 &nd rising veff 
steeply towards A A , Aver which it remains constant ; for the further 
passage of the flux, the nnslotted pole-centre is reokqned as a single* 
large r»for tooth or is divided up fnentallV into rotor jooth-pitches, 
as 4, 5, 6 in Ffg. 307. ' • * t * . r 

e^jjended over each rotor* tooth in<5ease greatljA^s th% 


t&t NO-LOAD FLWC*DENS{TY CURVE 597 


pole-centre is approached, and f %e marked as Fig. 307, vfrHlch 

ab^ includes the pole-centre rt girded as a \cqth. • • 

Riding up; thefl, the component items, Ai el -feTr fl -f AT ^ 
A>T n <4 Fig. 307 for the centre of eachtotor tooth* 1 and deducting 
their stun from the corresponding values of the exciting ampere- 
turns qf Fig. 304/thc differences girc AT ,** cling on the lur^ap, 
opposite each ret or tooth (Fig. 'life* effective leiffcth o( this 

gap has twoevalyes according as it exists bet Wye n th(^ surfaces 
of rotor and si5tor where both tire slotted or between^he slotted 
stator surface $nd the unslotted surface of the pile-centre, to which 
may be added a third intermedi.fi i? value for'the tooth-pitch at the 
edge of tire pole-centre which is only slolte^on the one side. 'Jhe 
values of B tx thence deduced for each n/br t cx>t h are maiked by 
the crosses on the lower full-line curve of Fig. 308. the wholc^f fin* 
values employed in Figs. 304, 306-8 being del ived front file 2-pole 
3000 MW. 3-phase turbo-alternator analysed by Mr. S. Neville in his 
‘ paper (Part III) supplementing the present writer's Part I on the 
Flux-Wavy of the Turbo-alt ernatoj in papers on the Design of 
Alternating Currhit Machinery. 1 • 

| 7. The rotor trana^rse slot flat -The difference from the 
♦analogous else of*the salftnt-jxile machine lies mainly in the add* 
•tional complexity introduced by the transverse component of the 
“flux crossing the rotor slots. As explained in detail in the above- 
quoted paper, the difference of magnetic potential in ampere-turns 
acting at any height x between the walls of a rotor slot of depth 
h w below the vtedg<?may he expressed as • 


AT r 


A T c y ~ (A'l\ 

l r 


■AT.) 


(136) 


where AT, are the ampere-conductors of one rotor slot, and A 2, 
arc the f^iipere-turns expended over tire rotor fore between the 
centres of two adjacent teeth for which A1 . and Al. arc the 
ampere-turns Expended over their reluctances up to the height x from 
the bottom of the slots. Here A T.' relates to t he tooth farther from, 
#hd A T. to the tootfi nearer to. the plane of maximum rotor flu* 
The difference (ft potential thus varies greatly with the varying 
values of AT.' and AT, Near tl«* plane, of maximum ftuxAT.' 
Always exceeds AT. owing to !hc increase of the flux-density as 
we proceed up the side of the fltlx-curve, but for the unslotted 
pole-centje AT.' will i*>t so greatly exceed mAT. or may even be 
less. In the latter <*isc, the.lftacketed term is nefcatfve, and the 
ftfrhole term wifti its sign become positive. in«reasing < the transverse 
component due to AT,. \n opnscquencethc transverse flux may 

* i The fall tne "value* of !tr„ a«e only joined up by dotted Jinee fw 
co nvenience. talollowing, and Fig. V>\ uw»t only be read on the centre line. 

o( the teeth. • ^ ^ 

• Vji 240-252 (Pitfhmn & Sana 
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.b# greater within the slJt at the edj^ of the pole-cenjre tlian at the , 
t xcntre*of the ixcitifcg coil, and rtiajr decline to a minimum ift an 
intermediate sl|>t. Such a case' is indicated # in Fig. 309. The 
difference between the amonnt of the flux entering one sjde’ a/id 
leaving on the other Jide of a tooth within any section of its height 
is lidded to or subtracted froitythejradial component flux proceeding 
uj> or doMi the tooth, arfti is thu$ an addition to or p. deduction from 
the itseful flux passing through the air t -gap r into the .stator surface. 



Fig, 309.~&otor slot flux on no load. 


• 

The several items of the transverse M.M.F. Ciijj be isolated and 
cctisidered separately, each as causing its own^componeijt in the 
transverse slot flux. Bat of thlse items the first two can be grouped 
tog<^her as being independent <jf the tooth reluctance and as being 
a nearly constant quantity until the tooth-pitch next to the edge 
of the pole-gent re is reached. Her^the >6tbr tooth-pitch ? r must be 
interpreted as the distance only fp*u fhe equipotenti&l plane A A 
to the next lower eqeipotential surface, and the high value of the 
ATIcm over the part next to A A fofees ^larger aiyount of the total* 
rotor fl*& out of the core into the^slot. • 

To deal with the varying item fif the tooth reluctance an<f the 
varjtfng difference of potential tharthepce arises, each t^gth is^ 
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best divided into at feast three sections of height deceasing toward 
the jpot of the tooth where thAfturation is greatest, as shywn at; 
the loot of Fig. 3Q7 . It is ther simplest t* calciflate, first, the 
transverse flux that would be caused bv A1 «' for $fiy section if the 
wall of the slot were at zero potential, and secondly the 
transverse flux that, would l>e caused by A 1 s for thfc similar sect^n 
if the wartUf the slot formed by tie fate tooth first considered 
|>e imagined in thrn to be reduced to zero potential*; 1 the alg^vraic 
difference of fti| two fiuxes #thu^ found will the # rf be tlw actual 
component due to ATJ - AT m Tor the considered sectiofl. Lastly, 
deducting this *fiux from the similar quantity for the next slot 
nearer to the plane of maximum flux, j he difference is the flux 
added to or subtracted from that at tju* ei^fl of the section ncaflr 
to the rytor core, and, if positive, it is added theieto within the 
section. The process is fully illustrated by a woiked t'X^uivple in 
Part III of the second Paper on th* Design of AlUsnating Current 
Machinery and need not here In* repeated. 

| 8. End-bell leakage.— Tlie end-connections of the exciting 
coils are rt/iine^ in place by end>lls,*fnr which nickel steeJ is 
usually employed, tfnce this materials* magnetic, and the edge of 
the Ml almjs against % rotor lnxly or is separated therefrom 
only In’ a small intervening ajr-gap, linos of flux escai* fiom thf 
dips of' the rotor tooth anti front the curved tip of the pole-rent r<‘ 
into the otjd-boll. They are thus lost so far as any useful action 
is concerned, since they do nol pass through tho air-gap into the 
stator, hut complete their path through the substance of the end- 
bell and re-enter the tips of the rotor teeth and j)ole<ent reminder 
a pole of. opposite sign, ihc amount of this true leafage is vety 
tonsideral >le ,,and thereby a further difference is introduced between 
the non-salient -pole and salient -]>ole eases. 

* The course of the leakage flux over a.\pdf jxde-pilch is indicated 
with a few eqnipotential lines in Fig. 310, which sfcows the portion 
of the bell at (Me c»<l developed on the flat. A first estimate of its 
total amount can he made by taking A somewhat smaller value 
tlton { AT, as acting over the half tooth-pit- h bctw&n the lin<% 
AB' and 00* F'ftmi the A Tjcm thus obtained the density for the 
steel employed is found, and this, \*|ien multiplied by the area trf 
Soss-section,* gives a figure fflr fly tofel leakage. Assuming 
certain values for the potentials of«each rotor tooth at its tip, the 
process is continued, anc} tfie difference in the,values as each tooth- 
pitch is passed is regarded at th^feakage of the tooth*pi*ch. When 
fte AT acting on each tooth-pitth his reached its minimum, trial 
must then be made as to how nearly the remaining flutfean be carried 
Vound the curned paths bf the remaining ’differences of potential, 
aftefethe manner of Fig. 310.,, "Adjustment of the ecpiipOtcntial 

* As jropfcsed By ^ Nevit* is the above quoted paper. 
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maximum flux that the potentiated! the tooth-tip/ and pole-cenfft 
can caiffce.* Tienerafly the section* of the end-bell on the plane of 
maximum rotor flux becomes saturated^ a density gf some 18 , 00 (f 

* Set Papers#* the Design of AUt\ fusing Current Machinery, ip p. 19 £- 201 , 
for Jujther details. •• 
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. v 

* * 

to 20,000 C.G.S. lines per sqtjpm. The Songer the rotor core,rthe 
!es%the percentage loss of fluprfcy leakage inf) thc^end-beHs, + 
| Si Thefa»u«W* ol the itax-densit? clm.y-Thc importance 1 
of the fundamental | in relation tc^th# E.M.F. has txsen empha- 
sized & Chapter IX, § 14, and it Is evident that it # is mainly depen- 
dent on the height of the flux-density curve over ‘the ^at portion 
corresjfonding to the pole-cenfte, and*f%it when thh has Wen 
determined, the value [of the fundamental f Allots with but little 
range of variatk>d for i given jatio a. # * # * 

If the AT expended over the rotor and stator coses and teeth 
increased in strict projx>rtkm t* the distance or numl>er of teeth 



passed a.\we proceed from the plane ^y maximum flux, /17'^ancl 
the densify in the air-gap would riM* as inclined straight lines repn> 
'during the sl*pinjj sides of the trapezium of M.M.IJ. On reaching 
the unslotted pole-centre, the effective Air-gap length changes from 
JC7 f to some smallerwalue X7„ f so that with some further constant 
loss of AT^pver * the stator core and teeth and rotor pole-centre, 
deducted from IZJ2, the remainder A T 0X will add a rectangl^oi 
•flux over sc^ne fraction of the pole-jntch.t The point of rapid rise 
of the density may be fixed at the centre of the slot nearest to the 
unslotted pole-centre. If y 4 =» the pitch yf the rotor slots in 
electricalVadians, the ffatV>rtflrti the flux-density curve extends 
«*ver an angdlar wfdth in fadiamf of (1 w <r')7r (1 -o)ir T y» 

ft y§* • 

M and each sloping side ovy a tvidth o' - =*= <j ^ ~ tt- That is, </ » 
• f • • '• 
o-h, or, if *ttje slots are^pilctietl *s for a number s per pole, 

ft M m ^ • 



CHAPTER XVIlf 


• ' 1 • 

« a? The flu ^-density curvjjyjen has the geometrical shape 

of Fig. 311, which ma^ be split up Into a trapezium of height B t ' and 
a rectangle of height B/p the two together making up the hefgljt 

^W 1 .* •* * 

The general expression for 3 trapezium in which the height B , ' 
extends ov^r a tract ion* N o' native pole-pitch (Fig. 312) is 

B x ^ x ^^sino' ~ siivfy, f ~ Mi« 3b*~ sin 30/ f* . . J . (137) 


and the general expression for ^ met angle of height*#/ extending 
o#*r the same fraction^ tfle pole-flitch when the origin is at a point 



distant a'/2 of the pole-pitch away from the 'side of 'a rectangle, 
i.e. midway between two jyc tangles, is j * 

B x - ~B/ ^cos o’ * sin 0 X -f ~ cos sin 30 M f !* # .^ . (138)* 

'file value (M B x for the combination is giVen by the sum of the 
two expressions, and the amplitude of the joint fundamental is 

■ l { s ^r lB >' cos a '" /2 | •• {m > 

If \g. we assume a §rds. and the slots are pitched as for 12 per 

® 8 1 * % § 

pole, as in fig* 308, a =* “ *12 f £>* ancl * 

* B n --=*H 0-866 B,' 0-fi088 B/ 

•* W ^ • 

4 See Dr. S. Smith and R. S.*h ©Adding, " The Shane of the PreAure 
Wave iy» Electrical Machinery/’ Journ. f.E*E*VoL pp. 211-14. \ 
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Although thcfomers of the rcc|angle and the nine lures of the slop^ 
ing%ides with it are in reality^nJ^inded off, double value of the# 
flu^density bn th? line of the juncture indicates that'at this point, 
the sa*ie value of AT 9 divided by K% ahd tyy Kl g yields the two 
values B/ and B § If the ratio of the t wo valuta of the effective* 
air-gap # length be/as usual, abyut <fe955, # /V 0-956 1$ t *** and • 

B 9 m - 0*0448 B 9 m9r . Thence # # • . . # 


- ~ 1 0*828* I- 0 027*1 H, 


>•828 | 

- hw b, ; 

• I <*v 

But the above case would only be a-pryflujed at low values of 
m9x • When the teeth become highly saturated, the si<les of 
the curve become strongly bowed <ir concave t<\ the Horizontal 
axis, o^ying to the increasing proportion of the total AT exjvnded 
%ver their reluctance, and the height of the rectangle becomes 
proportionately greater. Both effects aye illustiated in lug. 808, 
for which Ihe aflipHtude of the filfuiaqu-ntal (shown dotted) 1 is 


closely 8800 as compared with *»,*,<,* 


IK 


8200, i.c, B gl s» 1*07 

S 9 wjtt . Hence f(* r purposes of design, B fl may be taken as, sa^ 
•1*09 to 1-05 B 9 mat over the* working range. At no load under 
•full loadtexcitation — a condition which may require to be tested 
in order tt> calculate the inherent regulation of the alternator-- 
B t , may sink to equality with B g max . 

$ 10. The practical process of design.— The ne< essity at tluymtset 
for a provisional estimate of the total tlux has beefy stated in 
1 $ 6, and # we are now in a position to show how it can be quickly 
made and immediately checked, and the value of B g be thus 
determined for a given excitation or vice versa. 

Assuming AT tX -f AT n ampere-turff> as expended over the 
rtator core aiA^tecth, and A T ct -f A T it fw* the corresponding items 
in the rotor core dp to the equi[>otenti#l plane A A and onwards 
up to the surface qf the unslotted pole-centre, tbg different 
7T m /2- (A 7' c , + m AT tt AT cl r AT tl ) « AT t acting between 
pole-centre tfnd stator face. Dividing by 0-8 K'l g , the density B g 
found, which practically will Jiold over the pole-centre or 1 - or' # 
of the pole-pitch, save for a small falling oft towards its edges. 

Multiplying B 0 by the effective air-gap area over half o! the 
pole-centte, the flux in tb* sin^section of the statqr cj>re opposite^ 
to the pole-eentye edge is olftain^i. Jhe same value of A T 9 divided 
by 0*8 K'l 9 gives a value for B 9 at the jun&ure of«rectapgle and 
trapezium which cannot fcj exceeded and when the rotor tcethw.re 
'highly saturabddVill not be reached. Plotting therefore ap^lightly 

# * • • • * 

1 Tb&an$littKfe of the 3rd fca*hon*c shown at the foot of the di#£ttyin i« 
£66 per cent, of the fundamental. 
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Accumulators, 570 
Active K.M1., 87 
Active conductors, ?o. 'id, 29 
Admittance, 1 I'Ji # • • 

Air-ducts, 278, 488# • , 

Air-gaps in magnetic circuit, 18 ; lrmg« 

«d, 19, 484 ; induction m, 47, 888. 

491, 505 ; permeance of, m smooth * 
armatures, 482. in 'pithed armatures. . Antut 
490, 49# ; effective area of, 489, 498. Aruut 
505 ; length of. 326, 495 
Air* line, 530 

•Air, permeability id, 12, 478 
Alternators, simple forms »d, 27, 29, 33 ; 
type's of, vtde Dim , Disroulal, Drum 
and King ; armature reaction in, 89 ; 

• differential action in, 132, 142, 160. 

167 : efficiency of, 286 ; virtual 
K.M r, of, fW, i(K), 156, 166 ; excita- 
tion of, 5#>; poivpliaM-, 14S, vide 
Quarter-phas*' , riuTe-p^ase* and l’olv- ^ 
phase* ; powg: of, 95; windings for/ 

201; curve of li.M F., *50; Ire- 

• quetcy of, la*, 146* pull on wires of, 

101 • 

'Aluminium wire, 536u 
/Vmpere-coffduclors on armature, 480 ; 
•nmximum^ier p.-le, 472 ; maximum 
per unit of circumference* on con- 
tinuous-current dynamo, 472 
Anlperes, virtual, 98, 101 
Ampere-Urns on • eleifr. -mayn't , 9; 

relation Jo M.M.F., 10 ; re lation t*> 

, H„ II. 4767 569 
Aj Ape re -turns of armature, back, in 

• continuous-current d^pamos, 480^ 
Ampere-turns, of field-magnrt, 477 ; 

• calculation of, in multipolar magnet, 

478, 505 :Z for air-gap, 482-496, 5oS, 

589 ; for armature c-.re, 507, 587, 595, 

• 4504 ; for magflel Core. 509, 596 ; tor 
teeth, 497 , 507*590 frfor voke, 509 

Analogy of elect m-magnetic and electro- 
dynamic equations, 60; of clectro- 
•magnet to battery, I5;*.d inertia to 
self-induction, 85, *116 ; of inagnetn 
and electric frrcu its, 13, 400, 521 n 
Angle of lag, 50, 100 ; effect of, m 

• alternator, 100 • 

Angle of lead ftf brushes, 480 ; effect 

of, 530, 583 

Annealing of iron, 270, 405, 419 


Armature wares- 0 

j^9 ; obstruction cd, frtm ir«4t msc 


, OUlSU Uil «l*u 04, 1 1 Will IIOIl HIM*, 

269, Jlft^279 ; thix-drrffcty in, 395 ; 
radial deptly 398r; length of m*t|*m, 
507 ; insulation t.d, 327, 384 ; Tamm a - 
ti.»n of. 268; calc trial non \>t area of, 
397. fc07 ; median icu# strength of. 
280. I ' ule 1< vot bed .^matures, 
^rnuture hide \'ids Hub, 

:urc <•/ dynamo. 20 
:me ig|.1i non, 89. 480 


\UIUUtY ft Mst.UjK , 393 
ifitur* 


diameter of. 


ArnPttur* shrifts, 289 , 

294, 300* I lending moment, 290 ; 
twisting in- ment, 289 : -ci/ffiva lent 
moment, 294, ; v« L (Sent c.t ion of. 
'294; stiffness of, 296; centrifugal 
whit iiiig. 296 ; t ritual *}>e<‘d, 297 
Aunatuns, |\jms of, un/c Closed -cirftnt 
Dec, Discoidal. Drum and King; 
balancing of, 298, .‘<94 ; speed, of, 
^394 * pioportioiis of, 394 ; weight id, 

.Ttnold, Prof., 468m, 526ft 
AsUstos paper, 320 

Axial projt •< lion of '’ml-caiiiu < 'for*, 3*» 
.txtal types of dynamos, 23 ^9 

K 

B *"• indu< tion , 4 

B.uk amperr-lurns of armature in 
* ait inu<Mis-mrreiit dynamos, 480; 
i fleet on i bara< terist i< curve, 530, 
577, 583 ; r fleet on leakage, 481 
Ha«k i: M F. of motor, 88*61 
Hath. Vt<d J <r., 5 In, 419, 426 m 
Hakehte, 320 

Balancing of armatures, 298, 394 
HallisJii galvanometer, 4, 522 , 

Bar cMdurlors for armatures, 325, 346 
Bar winding <f alternator, 202 ; of 
dr urn armat urc* ,*346 
/bif Aar, 127 * 

Barn 1- wound armatures, 232, 332, 338, 

BottrU , Br v"i 3- // udft^ld , 405ft, 42^i 
Bcart’igs, 3*'4, 308, 311 
HfUllic R., 404 , 421m, 427 . 

lUhurd, B f . 283 m * 

Iff It, pull *f, 292 

Itemlmg-nffimerit <d shafts* 290, 292 ; 
♦ id hub-arm, 287 * 

lWiduig-moment , equivalent, 294, 301 ; 

it journal #402 % 

" J -’ M lensttv curve 


Apparent pqyn* of alternator**# j'>ornal#402 

Arc lighting; iynamo* for, 57ft * jT B-H. curves. V tde T hi*-j| 
52, olfeH-nfagnjl wire, *33, sh ^ 

Wmature ampere 


* Binding-wire of armature*, 381 

• *! Bijfil • 


„.ioiar dvn;»n'A, 253 
effect of Bismuth, 12* 

their width. 63, 325 * * Blond* l, /j., 65m 

•Armature conduct*, driving #f, 48, j Bobbin* of field-magnets, 

S25; puU#bn, 45, 48, I0>, VUii Firld-magnet ooiK # 

Armattsn^han • L Braiding of wire*, 322 

Ml* through^ 2»; »*Ai<h Thom«n H8...lcm l«.. 
fanety of iron In, 2# ; rptatwn of, 543 \ 

* ¥ 007 


Vidt 



Brushes, 25, 33, 355 ; 
. pmiikn 


of. 232 i i Juficeatxk coil*, 203 


. _ tfitkm of, 175 ;* kail of, '’450, rufe I Condenser*, 109 
V Angtetof lead; nurater of set* m |# Conductance, 112 
i Wave machines, *221 f * 

<? 

Campbell, A„ 4060, 422*, .514* 

♦ Capacity, 109 % 

Cation brushes, 355 
, OarBon in irrii or steel, 403, 


403, 408 a 
Carter, F m„ 307*, 485, 4^3, ^05 
Cast icon, 405; lot* field* magnet*, 400,' 
436 ; induction igj 434 
Cast •teej, i 405 ; for field-magnets, 407, 
434, 436 C • 

( 'cllu lose acetate, 320 
C.G.S, lines, 5 ; system, 9,, 12, 85 # ( 

Centrifugal force , 280, 208 * of cornmu- 
iBAntors, 359, 367, 371 ; u» anuature 
conductors, 381, 2 % 

Characteristic ^curves of 'dynamo, 557; 
shunt, 558 ; series, 573 ^ compound* 
wouffil, VI 3 % * 

(‘hat lock’s potentiometer, 5!4n 4 

Chord-winding, 214, 224 
Circuit, magnetic. Vide Magnetic 
(hreuit. 

Circulating currents in armature, 241 ; 
due to cccerftrinly in lK>rt*, 24JO, 465 ; 
due to flaw in pole, 234 f ' 
Circumferential speed. Vide IVriplugal 
speed. * 

Classitkation of dynamos, 23 
Clayton, A. /i., 154 
Clearance -29 * 

('linker, if. C., 404, 421*. 427 
2 lock diagram, 104, 159 
Closed-circuit armatures, 170, 175, 205 
Closed curves of lines of induction, 7 
Cobalt, 12, 13 
Coefficient of friction, 303 
Coercive intensity, 403, 406 
(’oils for continuous-current armature, 
333 

Collecting rings, 33, 150 
Commercial efficiency. Vide Efficiency. 
Cdminutating poles, 441 ; number of, 
526; colh for, 542 ; leakage wiUi, 45 1 , 
523 

Commutation, process of, 33, 175 ; 

selective, 222, 246 
Commutator pitrj, 206 I 

Commutators, 34, 170 ; of closed-circuit 
* armatures, Pf3 ; construction of, 175, 
352 ; material of sectors, 358 ; V- 
type, 353, 359 ; shrink-ring type, 
%6», 373 ; number and width of 
sectors, 253, 379 ; rise of potential fh, 
180; hating of, 366 ;• peripheral 
speed of, 368 ; voltage betw^au 
sectors, 193 , 253, 379 ; mica for, 3/S 
Compensating winding, 

Compound - \^n*| • continuous - current ' 


dynamos, 576 ; characteristic curve ( . 
578 : calculation of, 529 ; imperfre- 
* ““ t3, 578, 585; 


tions c^, 583 k uses 
tong* and short-shunt, 578 ; tempera- 
ture effc$t*in, 582, 585 ; winding for, 
582 • 

Compression on mica, 374 
Concentrated alternator winding, wl,®l 

H* / 


Connector*. Vide End-fonnectKmv 
Conservation at Energy *61 f 73 
Constant current, for arc lighting, 576 
Continuous-current dvnawos,* hetefo- 
polar, 170 ; homopolar, 26, *127-130 ; 
types of, videy Discoidal, Disc, Drum 
f arid Ring, Closed-coil, and MpJtipolar ; 
armature reaction in, 88, 480 ; effici- 
ency of, 286.; ft.M.F. of, 182-191; 
ex^tatiop of, vjde Stunt, Series, and 
. (l.impound-wouiul ; uses of, 170 r 
Contraction coefficient of air-gap area. 
494 

Convrsion of energy* 2, 73 ; in toothed 
armature, 77 • 

Cooling surface of field-magnet coils, 
438,556 

Copper brushes, 355 
Copper wire, 322 ; resistanrt of, 532* 
Vide also Insulation. * 

Core, iron, of solenoid, 9, 13 
Cores, armature. Vide Armature cores. 
Cores, magnet, 20. Vide Field-magnets*: 
Cotton covering of wires, 322, 330 
Cotton tape, 319 

Creep of winding. I96*f$S, 203, 208 ; 

lap, 212f 216 ; Wave, 218 
Critical dampfiig, 123 
Critical resistance with shunt dynamo, 
562 • * • ; * 

Critical whirling speed, 297 
Crucial speed or shunt dynamo, 566 * 

Current, pull due to, 40 ; srff-induction* 
due to, 85 # • 

Current-density in field-magnet coils, 
573 

Curves, characteristic. Vide Chirac- 

♦.criric curves. • 

Curves of K.M.F. of rotating loop, 137 ; 
of alternators, 33, 150 -\d rnidirected- 
curreut machine, 34 ; of continuous- 
current marines, 1 *1, 184 • 

Curves of incluctiou or flux-density. 

Vide Flux, Fliix-densitv. « 

Curves of rate of change, OT 
Curves, sine, 98 ' 

Cutting, of lines, 54. 68 
C(cle, magnetic* 415» • 

D 

Damping oltasci Hat ions. 116, 118, 112, 
297 * 

Definition of dynamo, l *S>f permeability 
12; of induction, 4; oi ,f>ok-pitrh, 

# 132, 138; of trailing and leading 
52, 453 ; of hetero- %nd hon opolar, 
23 

Deflection of shaft, 294 ; of commutator 
bars, 360 ; of yoke ring^466 
Live macir — n<M 


mt *^)eriv’A , 
of, j^24#4 
<rc- {•r^vlgrnij 


machines, 239, 250; lap, 

- ; wave. 245 • 

kigning of multipolar dynamo, 5058* 
Deitmar, G., 304 n, 490 
Qialectric strength, 316 
Difference of potential. Vide Potential,* 
L Differential action in teteropolar alter- 
nator, 142, 162 ; • in contiguous- 
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|J factor kg, 49, 15$, 1*7 ; fo? 

*1 EJRF/s 161 ; pitch, *S 
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h Differential U 
1 sinusoidal j 

coil-span (actor, 163. iw 
Dbc alternators, %Hrterolk>Ur, 34 : homo 
potor, 28 

Dine winding, 34 ; of hoiuopolar dypamo, 

28 • 

Discoid*] ring, magnet fy, 35 ; winding, 

Discs, iroi, (or armatures, 268 * 

Disruptive strength, ^16 ' 

Distortion of fielcfchv .iim.it n** r<as*;»n, 

, 163- # • 

Distributed alternator winding, 131, 141 ; 
field-winding, 592 

Diverter, 573, 585* . 

Divided alternator coils, 144 
Dougins, J* F. //., 485n, 512a, 517« 
Drag, magnetic. Vide Full, 

Drift of electrons, 67 
Driving otaore, 286 ; of active Conduc- 
tors, 48, 53/325 

Drum alternators, heteropolar, 33, 150 ; 
ratio *f coil-width to pitch, 142 ; 

• K. M I . equation, 165, 168 ; winding 
of, 201 ; turbine driven, 444 

Drum alternators, hoiuopolar, 27, 133 ; 
ratio of coi^JUdth to pitch 28, 132 ; 
double armature* 1J4 ;• K.M I . 
equation, 136 ; In qudicy of, 134; 
field-system of, 135 * • 

Drum armature^ 31 , 3fi; lamimftion » »f 
core, 268 ; core-discs for, 269 ; um- 

• struction of, 270-279 

"fcruni arnuiure winding, 31, 36, 196; 

hand of winding 


Eft den cy of dylamo *, 3 ; of continuous* 
„ current dynano*, 286 • 

% Eukmuyer, ^3 
Klectro-dyuamic action, 39 
Klrc*oi)gic work, <670 
Elecuo-raagrJt, analogy to voltaic 
battery, !»; m danamos, 19 


tufift*! ion. 54, 6l 
nee, it? laws 
luoed bjrhne-ci 


$S 0 

lawn ami 
cut t mg, 


tdem^nt of^lHH 
233; lap-winding, vide Lap-winduig ; 
wave-winding, vide Wave-winding ; 
number of independent windings, 
206, 226 • • • 
Drum continuous-current dynamos, 174 ; 
E.M.F. 04 unions, 190 ; lap-wound, 
1J6, 196 ; wave- wound, 176, 196 


• multiplex lap-zvoi 
wave-wound, 225 


und 


multiplex 


2J6 ; 

chord- wound, 214, 
^24 ; rise oi potential in, 180 ; equality 
and symmfiry of parallel paths, 194 ; 
hand -worn# , 33 1 ; former-wound , 33 1 , 
•barrel- wound, 346, 349; with 
involute end-coffnectqff>, 342 ; choice 
of winding, 251 ; ratio of length to 
diameter of armature core, 395, 471 ; 
tadial depth of core, 395* advantage 


Electro-magnetic tiuTdfhion^ 

Eh4tn> mail vi* force, 

causef? 5$; liroduc ^ ..... 

p 54 ; as ratcVd catling, 59 ; a»rrfgi 
and instantaneous* 59 ; dtfvftiim of, 
57 ; with rectilinear motion, 56 , 
of loop, 137 ; as rale # *f change of 
line-linkages, 64 ; (A) as due to motion 
• •through monetized ether, 66, 67, 83 ; 
i (H) awdueiL' change of magnetic state 
of etner, , 71, 76, S3; ot loop*^»* 
Sin^vud* field, 139 ; of hetfTopulal 
ilternaftir Hf terms of lundamenta) 
^aml hariuitiasof field, 156, terms 
ol#total flux. 166 ; tuuupadNTU <>t, m 
•ill eruat.as .oul • < 'nlmuous-curmit 
machines, 192 ; of toothed armature, 
76; «d M-lf-imlm turn, vide S^f- 
mdudioii ; impressed and resultant,, 
87, 93, 1 08 

tro- Motive force equations, *59, 
ifi , of hoiuopolar alternators, 

f r»m, 136; of , cxintmuous-cunmi 
ynaiiios. general, 189, 191 ; of lap- 
wouud drum, 218. 232; of* Wavqp, 
wound drum, 227 232 
I.fe cttoij*, dull of, 68 • 

Electroplating, dynamo for, 570 
Element of drum winding, 198 ; < |« »• 
ment-pitih, 210 
Fmdc, FtUX, 75u, 82« 

1. M l 4 , curve <d alternator*, 150; 

analysis of, 152 • 

End-bells, .384 ; leakage from, 599 
End-conin-i turns of drum* armatures, 
233, 332, 340, 343, 351, 383 ; m 
alternators, 144 

End-play of shafts, 307 # 

Energy, electro-magnetic, of field, 54K 
Engium* steam, governor of, 569* 

Equal K.MJ .'s m parallel paths oi 
armature, 195 _ * 

Euuali/ing connect iori&n armature, 236 
Ether, 8<> ; moving statioi 


% u 


mu f »ry, <48. 


tfl; moving 
69 ; stresses in, 88, 

Eureka wire, 3S1 w 

F.vershtd, 406m, 424n 
£ volute end-connectors, 332. 

,u v. >l’jT'\ * 

Hg, FrgF, theory of magnetism, 424, 
hyiffen 


In* 

Em « 


Vt d 


or puuipoiars. zaa » 

Duplex windinffT 1'9, 217 
Dynamo, dual nature of *1 , 20 ; definition 
jsf. 1 ; as generating electric pressure, 

1 ■ action of, 2$ ; efficiency of, 3, 286 ; 42fi ; hyRerew* tester, 42 W 
output of, 2 ; simple forms of, 23 ; Excitation of field- magnets, 545 , 0 vtde 
classification of, 22 ; heteru- and Self-cxdtation, Shunt, Scries, Scpar- 
homopolar^23 ; unipolar, 24 _ m atcly-exclted, Compound- wound f rcla* 

1 • * * lion to 974ff7^ide Ampere- 

. f. . * r tup*. 

gtybnite, 318 1 * # Exiftoring (x>ih 4 

Ecoentricily of armature in bore, 280, Extension coHhacnt of xr.gapkmgtb, 495 
453.4 445 ♦ • External characteristic. Vide tbarae- 

ftddy •currents, in jumature ba#, $3, teristic wrw*. 

3W* itt armWrc com, 268t 280; •External circuit, 1 
toh%dtogfWl!c«,«Sl-2; to pofe-piece*^ # # p # 

anl await, 98^ ** M r 3 '^ 8 '*vi, i %% t 'eo%i/ - 

Vbaty Wsbtance, 87 Fechhetmrr, C. / , 43<\3, ^9 , • 
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FiHd, magnetic, 4 ; of f raiglft current, 
6 ; o{ loop, 6 ; of glenoid, 7 ; of 
vuroid, 7; with* iron core, 9; struc- 
ture!***. 57, 70 ; sHI-infuced F.M.F., 
due to afteratbrn A, 85 ; energy stored 
Up in, 88, 9ft, 848 ; *yi»sneMcal 

S distribution of, in dynaiflf>*, 453 

of jjyttam os, 20 ; three 
PKrts of, #>. 478; multipolar, 146, 
439 ; of iuderopolar ulterugtor*, F46, 
149: of homoptJar alteAiatnr*, 24 ( , 
*33* material or, 407 ; comparison 


ism 


i 


mqma£y : US ; of hmaopohr alter 
t | nator, 134 { of qotttotiotis-ettrrnii 
■ dynamo, 432 ; of Heteropolor %ltcr 
f nator, 149 t , 

Friction of bearings, 303 
Fringe of air-gap, 19, 30, 482, 595 
; Fundamental equations of dytytmoj II, 
42. 49, 60 

Fundamental Af flux-density curve, 
t 163, 601 f 

Fundamental of K*M.F. curve, 165 


iron 2nd cast steel with 


With ' * g t *» * 

435 ; IjoU.uhmtdt , R, 5'Aj 


of forg**! 

cast iron ,^435 ; composite, r 

salient -pole and n»n-*alirnt-pok', 439, Governor of steam-engine, .569 
443 ; comparison of two- and four- Gramme winding, -31. Vide 
pole, 253; induction A, 434 , 509*. • wfhduig. 

“Vint* in, 446; leakag^ In* i, vt Ue S (Grouped distribution of alienator wind- 


ing 


^leakage ; length of, 43^4 magnet u 
pull on, 447, 454; s^ioh of, H36 ; 
proportioning of arras, 4*9, 469 ; 
shapiag of pole-pii'ces, *469 ; syn^ 
metry upheld, 453 ; throttling of hues 
in, 449 4 • 

Field-magnet mils, 20, 436, 539 ; cooling 
nr face of, 438 ; sp.*>h for, 540 ; 
length of, 438, 537 ; wire f.,r, 532, 
53b, 553, 572. Vide Field-magnet 
whirling, Heating. V 

Field-magnet winding, ralcula#.on .of 
ampere-turns lor, vide Ampcre-tif. V, ; 
si/.e of wire, 530 ; mean length of 
< turn, 534 ; volume of coil, 538, 553 ; 
on non -salient -pole machine, 592, tiO.'J ; 
Weight (15 wire, 534 ; effect of heating 
on, 532 ; two sizes of wire, 550 ; 
* srdf- induct ion of, 549 ; vide Self 

excitation, Series, Shunt, Compound- 

Wound, Separately-excited. 

Fischer Hinnen, 465 n 
blank fringe, 488 


magnetic insulator, 13, 


mg, 131, 

Gun-mctal, 

400 

| Gun-metal hull for ring a^mafurcs, 32 * 
H 

H, magnetizing intensity, 8 4 

//ague, li , 495 n « 

Hail-doy'd slots, 326, 495 
Hand formula) for dire«tion, of lines, 
6, 7 ; of magnetic [tuff, 41, 61 ; of 
\ H.M.F., 57,«til 

¥ Hand of winding, 233 


Flat-ruig. Vide Hiscoid.d ring. 

Fleming, Fro/. J. A ,, |0m, 152m 
Fluctuation of F.M. I’, in » Inscd-rimut*’' 
armatures, 172, 175, 186, 191 
Fill*, magnetic, 7, 10 ; curves of, in 
dynamos, 526 

Flux -detail y, 7 ; in armature rfPe, 428 
507; in hr Id -magnets, 434 ; in air- 
gap, maximum ami average, 46, 49, 
399; in slots* 52; in teeth, 398. 
411, 498 ; curves of. 401, 4(m ; use 
479 » 

■Flux-distribution curves on no load, in 
salient-pole machines, 586 ; in non- 
'galieut-paie machines, 592, funda- 
mental of, 601 t 

Flywheel, analog)’ to self induct ion, 
85, 94}* weight of, as incretfXii^ 


Harmo^cs m F.M. F. -Wave, 152; of 
flu x-wave, 16:1* * • * 

Harmonic function, 116, 297 . 

Hay, Dr. A., 482, 492, 494 497 , 

Heating of commutators* 355 ; l^v 
eddv-eurrents, 280, vide Fddy-cur- 
reiitn ; by hysteresis, 415, 433; 

of fie Id -magnet roil-., 437, 531, 538, 
555 * of pole-pieces, 326 * 

Hefner .1 He ruck, von, 31 
H eie- Shaw, Prof., 482, ^,*494, 497 
Hemitropic ('oils, l44>i * 

Henry, 86 • # 

Henna, (url,4fin 4 
lfeteropolar alternator, 30, 34 ; ratio 
of pole width to pitch,j44l ; of cdll 
width to pitch, 142 ; E.gf.F. in terms 
of fundamental aiui harmonics of 
field, 156, 165, in terms of total fluf, 
166 • * 

lfeteropolar dynamos, definition of, 23 ; 

contimiou%cuiTcnt, 170 
Hobart, H . 71/., 497» # 

Holden, 427 • * 

Homopolar alternators, Jrum, 27, 131 ; 
disc, 28; fc.M.F. of, 136; useless 
flux In, 135 ; potegpitc.h in, 13%; 
types of, 133 ; frequency of, 134 
Hoiuopolar dynamo, definition of, 23 ; 
simple forms of, 24, 25 ; with field 
•v unitgsril in path of movement (Class 
I. if, 25, 68 ; with field non-uniform 
.* lin path oftnoveragnt (tlosx 1. if), ~ 
li.M.F. of, 79, 129; 
current, 25, 12743D 


con tin 


beitding moment, 292 
Force on conductor, 40 ; equations for, 

42 on k>op, on Jirmature con-*, 
due tors, 45 fioiftoothcd armature, 50 
bogged ingot iron, 407, 434 « 

Form factor, 50, 140 • 

Formers, *for arAature og|h, 331 ; for luuriti, i«f-iov 
field iMffW t coils, 539^ Vtd* Field- fidphinson, Dn. 7. tmd on magnetic^ 
magnefglfcoils and Winding. '< curctnt equation* 5fi2 * 

FoucaultScurreuts. Vide Kday-currents- .Horsepower, 288 ^ 

Fourier^ theorem 152 # # •flow*, Prof . G, W, 0*6 8n, 126 m* 

Fauf*pq|e machine, its advantage over J ll^b6 * “ ^ 

OX 1 ) . «nx «io« 


tv^-(fi>le, 253 design of, 505 
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imqpx ' 

magne tic, 414, 431 ; tamj KJk>feue*,^9 
by* 4X8 ; theory ©4, 425 ; in Kilowatts 1 


altmirwtmf field) 417, 430 : in rotatiuj. 
fiefil, 426: tester, 421 ; m dynamfo^ 
395, 425, 432 • • 

Hyst arctic constant, 419, 421 
Htmmi%, magnetic, 339 


l KirchhofTs ItvMi, 522 m 
\ Koibtn, Lb , f£Z, i’XP 

f! 

/ srlf-mdm tk«t, 86 

Lag »>! ivtfiltant behind »npre*seiL- 


* m • K M 1\, 93 ; of ei&prnt, 97 ; angle*!, 

Impedanor, 103, 112 ty, kk> J(»'2 • ^ 

liDperfc’ctrnuipt^ttc circuit, 18 • I ami»t%M% of urm.it un* *eore».; 268; 

Impressed K Ml',, 67; deduction of • of armature dursp 63 ; of pulo* :hf6, 
curve lor, 93, Iff# % 474 • 

^ Iudustance, 86 ; of*i»fl, 86 ; of cmSm* • I amms, H. (i., 130, 446« • 

102; of short -circuited section, 194 ; Lip winding, 174, 1H0, 1 9t|f 212 218,252 
in alternators, 102 # l.auht, lUti u , 364*. 3*8. 311. 315h 

Induction, elect ro-Aagnrt'ir, 4, 54 p m Lad of bruslr*. 480 ; effect of, 53t», 583 
Induction, magnetic, ■» ; lines of, 4, 6 ; 0 Ijeadmic atid^tradmg, 52, 453 
unit of, #4, 59 ; relation of hysteresis I.c.tkagr, uftgneiH . 16, 45o ; in im^v* 

loss to, 419; in armature cores, 395. polar d^niie, 451 ; relation to size 
428, 507 ; apparent and real in «•! maci»me*M#I8 ; with commutating 


• toot lied* armatures, 398. 501, 50K ; 
in air-gap, #47, 399, 505, 491 ; dis- 
tnbution of, 139, 163, 453 ; in tield- 
magm-is, 434, 509 
JbiductivP circuit, 92, 102 
Inductor alternators, 134. 1 nit Memo- 
polar alternators. 

Inertia, analoftfjo s<lfiuductton, 85. 1 16 
Inequality or KM. M's in ♦ap-womid 
multipolar, 2244 * 

Ingot iron, 4o7,*434, 435 * # 

input. J! % % • 

Instability, magnetic, oj dynamo. $i*\ 
insulating materials, 316 
■Insulation, * of armature cores, 327; 
•between laminan of armature cores, 
270; of armature l*olts, 280; of 
armature coils, 329, 337 ; of roppt-r 
\yre, 22, 330 ; of sl„ts, 328, 331 ; loss 
oT apace bv. 32%; <4 niiimif.itors, 
378 ; of magnet-bobbins, 540 
Insulation, 2'c4ktaurc of armature, :iH f 
* lu«*tators, magnetic,* 13 
♦utensil y, magnetizing, 4« « 1 
Intensity of field, 8 * 

Intensity of magnetization, 1, 404 
Interaction two fields, 43, 85, 89 
Interferric g#p Vi Jr Air-gaps. 

International Miertrotechnnal Com- 
mission, 532 « §• 

Interpolar fringe, 484, W5, 591 
Inteipoles. Vidr Commutating poles. 
Involute end-connectors. 33H. 342. 351 
Iron, magnetic properties of, 12, 4<K>. 
405, 421 ; flt*f-densuv curves « f, 406 ; 
wrought iron, 407 ; jjtfcged ingot mm, 
407; cast iron, 405; for arroaiurf s, 
*409 ; arnutuft discs, 269 


Jakcmm i, AK G., 553 * i*» ; equauon «>i, <toi , 

Joints, effeef of, in magnetic fltcuit*^^ types, 439; joint! yi. 448 
448 • 0 9 7 Magnetic, field, proper! ilk of, 4, 45 

Journals, strength %>f, 302; length f Mtorage of s/irrgy in, 88, 96; fumla 
306. Vid* Friction, Lubrication. mental *n« harwmks of, 163 


joints, enter of, m magnetic (vcuit^* 

448 . * / 

Journals, strength t>f, 302 ; length ft, • 
306. Vid* Friction, Lubrication. 


0 Heading a tul^t railing, 52, 453 
Leakage, n6gneti< . 16, 45o ; m 
polar dvfhtmo--, 451 ; rel.it um to size 
of "uac4»me^M618 ; with commutating 
poles, 451, 523 ; m md-MK, 5t>9 ; 
•njation i> •xut.iiion, V- 1 "? 1 l )r,r ' 
^ueana . 5Jo, 5l2j nuavuremiut of, 

522 ; as ,»ff. ctrd by armature reaction, 

523 , H«'i>kmsotiL ineaMircments of, 

522 -% 

I eakagf »4K f)icn rjt, V, 520 
len/’s lew, 61 . 

^Iwte-i nJtuig, as cause of L.M l 1 ., 22, 
/ i, 71, 78 ; in transform* rs, 74 

1 ine integral of magnetic force, 8 
I men, 319 
I lie s» of lol e«* , 5 

I Jhirs of induction, 4 ; tlistingi^slu d fiom 
lines of force, 5 ; as dosed curves, 6 ; 
properties of, 45 , 

I.ine-linkagi s, 86 ; rate of change of, 
as i ails* 4 "j 1 M I 64 , 78 ; in t.mthed 
armature, Hi; in horuopolais, 79 ; 
and sdfunuijoed K.M.l' , 91 # 
l.iusi-i d oil, 321 

/ A'., 274h, 289 »» •295m, 382n, 

— 364«, 372m, 469 n 
L-hvs, 419, 421, 423, 424 
l.ong shunt •oiupound-winding, 578 
loops rd armature winding, formation 
<1, 31, 36 f* 1 * 

To dvriamo, 3 ; in heM-magtiet 
cods, 437, 537, 5558 579 ; in armature*, 
505 ; in slid nheets, 422. Pn/c 
Hyst tresis, J! ddy-cii'iviits. 

I ubrication of Iranrig^, 306, 314 
l Mints, lb If , 260 » ' \ 


Magoet, eleitro, 19; peimamnt, 411#, 
151 <i;,i»a^io». Vide I'idd rnagriets. 
Magnei-oirf* seition of, 436^k:ngth of, 

Magnetic circuit, 10, If, 14 ; hnp^f^ct , 
18 ; t qua pon for, 481 ; different 

lvtw>« • if.init in 448 


306. Vid* Friction, Lubrication. mental *n% harmonks of, 163 

« , Magnetic humming, 3fw 

0 K* # Magnetic fhd net ion. rw/edaductioii 

K, air-gap eoettatftt, 495 • s Magnetic instability, 563 • 

R of auttna tor 1LM.F. equal ion, 168 « Magnetic insulators. 1 mr Iufufators 
KmJtoU M^etlsO '• •M4netic leakage. Vidt leakage. 

K e ys in Jnnature 329IWW 1 * Magnetic potential, 8, 586 ^ m 



w m 


Vide Pill, nSabaette. [ raptr in laminated com, 270; ka 
Ic reactance. Vy* RActanoe. \ *GuIaik», m ♦ 

dir^ ^ar^Mrtife* win ding in 


Ham tic 
Ml&Mt 

M#|pwt»vwtiirauk«. Saturation. 

M»«fD«tk icrerninii 417- , 

Magnetic shielding, 50 r 
Magnet iiation of iron, 401 ; curve* of 
flux-density, 406 ; ‘motoula* theory 
oj, 424 : in dynamo*, b&U degree of, 
wfr Induct i<*n. « r 

Magnet hung intensity, If, 401 ,, 

Magnetism, qpddual, 402, 54,7 , c 

Magneto-motive force, 8*1 b ; of arma- 
ture ampere-turnr, 480 ; of held- 
magnet,* 447 ; fra per mm of, 502. 

VuU Ampere-turn* * 

Manganese brorfze, 384 
Maxwell, Clerk, 5, 45, 447* 

Mechanical energy absorbed by dynamo, v 
2i 47, 81 , 73, 288. W<fctymckttty. 

Mechanical pull. Vide Pull, r jignetic. 

Mechanical torque. . Vk*{, Torqud 
Medium resistance sheet steel, 410, 423,4 
Megalls/, $9 
Mngomit, 317, 329, 379 
Mica, 317 ; in commutators, 3747 378 
, Micanite, 317, 329, 379 

Macular theory of magnetism, 424 
Mordey, W. A/., 50 
Xfnr/is, Capl. /., 295w, 300* u 
Motor, electric, 81 (. 

ft, Cute Permeability. * », . 

Multiplex windings, ; 2I6, 225, 255 ‘IV 
Multipolar alternators, 145. Vide 
'-Alternators. 

Multipolar continuous-current dynamos, 

38 ; wifti drum armature, lap-wound, 

178, 178 ; with drum wave-wound, 

179; radial depth of core, 395; 
equality of parallel armature paths, 

194 ; advantage of, 253 ; ratio of 
length diameter of armature, 489 
Multipolar magnets, 145, 439, 443; 
symmetry, of field in, 454 ^ with single 
exciting coil, 134 ; proportioning of, , 

, 435, 449; leakage in, 451, 519 

N 

Negtfrirfim' work in alternators, 98 
HevtUe,*., 185*, 298*, 502-4, 5*V 
Nickel, 12, 13 # 

Nickel steel, 369, 405 
Niethammer, Dr ^ 286r * 

- Non -salient -pole alternator, 142, 439, i 
M48. 592 * 
c Noe^gerath, ). E , 130 

^ O 

Oersiedt , H. ( 39 « 

. Oil for bearings, 309, 315/ throwers, 

313 : "rtifcs, 314 9 i 

OM linen, 319 % 

Opcn«ended armature windings, 201 
Oscillations, mechanical Imcar, 116-126, 
i 297 % • 

Oscillatory motion, 22 « 

Output of dynamos, 2 ; alternators, 

96, 101* 

Over-oomgqpnding, 578 
PacittoUi, 31, 53.% Vide Toothed a»ia-t I •Pul^tion E.W.F., 92* 


Witmtators, 157; In eootidftou* 
current dynamo, 17?: 199; necessity 
for equal resistances and inductances, 
193 ; for equal KJK.F/s, 195 p. lumber 
of pairs of parallel paths, 208*227, 251; 
with multipolar field, 465 
Parent machine, 239, 250 ; bipolar, 
240, lap, 241, >jrave, 244 ; multipolar, 
246 » 

Par shall, //. F, 497 n .. 

Partial magnet izaJrn curves, 455 
? edestal*, 311 

Percentage fluctuation of K.M.F., 
186 % 

Percentage variation of E.M.F* with 
speed, 563 

Periodicity of alternators, 146. Vide 
Frequency. 

Periodic time of oscillations, 118; 

undamped, 121 ; damped, 122 
Peripheral spee.d of continuous-current 
dynamos, 394 ; as affecting cooling 
surface, 438 A 

Permanent magnets, 13, 406 * 

Permeability, 12, 13 ; of air, 12 ; of 
iron and steel, 12, 40<ty4ll 
Permeance, 12. 14,t of air*gap in smooth 
armatures, 482, in toot lied armatures, 
490, 496; of teeth, 497 
lYrmeafue, leakage, calculation of, 17, 
510, 512 ; rlupirical for mu ho for, 
‘518 ; in multipolars, 520 , 

Phase, 103 * * 

Phosphor bronze, 381, 384 1 t 

Pitch and pitch line oV alternators, 
132, 138 A 

Pitches of armature winding, 200, 205 ; 

lap. 2 12 ; w^ve, 218, 223 
Plummer blocks, 308, 31 1 
Pohl, Dr., 384*, 443*. 522 

polar angle. 397, 496 
Poles, number of, 472 * % 

Pole-pitch, maximum, V72 
Pole-pieces, shaping of, 470 ; eddy- 
currents in, 326 ; lamination of, 47r; 
fringe round. Vule Fringe. 
Pole-width, ratio of, c to poic-pitch in 
alternator, 132, 141 ; in continuoifc- 
current dvnafcio, 396, 496 
Polyphase alternators, 148 
Potential, of, in drum armature, 
180 ; in commutator, 184 ; in alter- 
nators, 203 ; <$flferefcce of magnetic, 

8 fK« 

Powell, P . N. t m, 492, 494,495 
Power in altematmg-cnjrent circuit, 95 ; 

apparent, of alternator, 98 
Power-factor of alternator or circuit, 98, 
100 . 

Press-tfpAm, 319 • 

‘jresAire test, 385 


126 ^!Press 
« . Phil, magnetic, on ^conductor, 40; 

♦ «r«= i • ■* 


a 


loop in uniform field, 44 ; on armatu 
conductors, 45, 51 ; in alternators, 
T0U on armature cores, 28$; oil 
fiekj^nagnets, 44^*454 ; on toothed 
matures, 59-53 


tpj, 
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I Q«i*tar*plxatf ai^nutor*, 14ft 

• R % 

R*di#l lypc* of dynamo, 23, 34, 128 
Radial %pth of armature core, 395 
Rate of change, curve of, 91 ; of self- 
induced line*, 92 ; of line- linkages, 64 
Rate of cutting line*, S ; average and * 
tnsuntftneous, 59 •; SegTftettfafdis.es, 269, *274 ,«% 

Ratio, of width of winding or of field to ■ ^Selective cnmrftutat*>n, 2X2, 246 
pitch tn alternator*. I3i 141 • of I Self-exeiUiion, 54*k^68 
polar arc U> pj^pitch* Self-induction, E.M.r. of, 8^; analogy 


Salient pdl», *V 44ft* 

Saturation, nafgnetic, of iro», 40ft 
of teeth, 397 t * *-» 

p*Scwn in g , magnet Rl 4 W 
j Screw aiukigv fur direction of lines, 5, 
«f fo#i: .3^1 d4 
‘ SearU, (l. % /C , 45 n, SOn 
1 Rectors of coipjuuftkor. Vide Oil- 

* l* 


length to diameter or armature 
of rrou -f air do iron, 501 ; oi \ 


°i t 
, 470? 
wound i 


portion of rotorgto pole-pitch, B^2 
Reactance, magnetic' 107 
109 ; t^al, 1 1'* 


to inrltia, 85; of co^l, H6 ; of alter- 
nator, 89 ; as rate of change of *elf- 
induced link-cg*"*. 86, 91 ; as opposrd 


m • _ 

*1 Separa^l 


React Km of armature current oh held, j Series- would 
89, 480 ; ^ fleet on characteristic ' 57b ; flu 

curve, V6 ; *>n compounding, 583 
Reactive component of current, 164 
Reciprocating motion, 22 • 

Rc-entrancv, 218» 

Jjtefrarct iflh of lines, 483 
regulation of voltage of series-wound 
dynamo, 573 ; of compound- wound 


capacity, 7* *to capacity, 110. I'nfa Inductance. 
# Iv }fc 


dynamo, 


585 ; of constant* 
fnamo, # 576 ; #of shunt 


current d^ai . , , 

dynamo, 569 * 4 

Relative movriift*nt of field aihl % condm* : 
« tor, £7, 71 % % 

Reluctance, 11 ; analogy of, to reys- ; 

• tance, 13 ; of teeth, 497, 5o8, 590 
^Reluctivity^ II 

EArntaurnoe, 402 

Repetitions ftl V M K, conditions for, 
237 ■ 

Re&jdual magnetism, 402, 547 
Resist mice, effretivg, 87*96 f 
Resistance of armature, calculation of, j 
m conti^uofts-turrcnt dynamo, 393 ; 

* increase of, by heating, 532 ' 

^Resonance, electyical, 113; mechanical, 

122, 297 9 # 

Retentivitv of iron. 402, 406 
Reversing fifiid, 190 

Reversing Vide Commutating 

» poles. • 

Rheostat in exciting circuit, 553 
Ring alternators, hetompolar, 33 
Ring dynamo, 34 1 

Ring-winding, 31 t 

Ripple* in E.M.F. wave, 151, 592 
Rise of potenitel, kCcl«.m*d-roil arma- 
tures, 180 ; in <^n»nitator, 184 ; 
tn alternator, 203 0 
m*e of temperature in dynamo, of 
field-magnet coils, 437, 531, 555 ; 
effect on compounding, 585 

* R.H.5. value* of alternating functions, 

Roberts, R. T, 3ft9*. 374 1 *• „ 

Roettrink, IW]» • 1 / 

mounben, 4?., f # 

Rotary converters, 23, J®2 ' 

Rotation of conductor 22 * . 

• Rotational EM-E/** 73, 77 + 

ssswf&a.itm. 1 

rwr- 


ited dynamo. 545 
dynamo*, 547 ; use* of, 
57ft; ffuf^#«ri*tic curve of, 573; 
fu&jkwinduig, lot, 571 ; regulation of 
: # voltage, 5/3 ' 

: Shafts, armature, 289 ; landing moment, 

| *290, 292 ; twist mg moment, 289 

equivalent moment, 294. 301 ; diem- 
j rter of, 294, 300 ; defier lion of, 2.4 ; 

- stlflnc" of, 296 ; oeninhigal whirling 
»d, 299 ; critical *pced. 297 
diapers for armature coils, 334 
MyeKing, magnetic, 50 
Shifting of brushes, effect of, 480 
Short-circuiting, < ‘ Action in closed -coll 
.om.iturr , J70 ; ■ f shunt dynamo! 

i 562 

Short-shunt compound -wound dynamo, 
578 , 

Shrink-rings ;tr>8, 373 
Shunt -wound dynamos, 546 ; charac- 
leristn curve <*f, 557 ; um s of, 570 ; 
field-winding for, 553, 549, with two 
sizes of wire, 550, 556, 581 ;* crucial 
speed for, 5<9> ; effenj of short* 
ni< utting, 562 ; instability of mag- 
900 tietiMti m, 563; maximum current, 
lr*»m, 562 ; regulation of voltagt^ 
5(i9 / 

Sum* us winding of drum arruat' 31. 

rmfiDrum armature. 

Silicon, steel plat/" a liny ad with, 410, 
421, 423 

Silk coy rug, m j 
, Simplex wave- winding, 220, 251 
Suie curve, rate of < hang' »f,9H; vir*^4 
value, loo , assumption of, m alters 
na tors#. 99, H>7 

1 Single-phase alternator, 102, 147, liyi ; 
iwiiidmga tor. 201 

Smusoiciam distributed fiel^l, 48, 139 
Sirring* in h**mr^>rtlarx, 26 t -4<9 
Skif -opening, 326, 393 
| Slot-pitch, 2|0, 326 
i»Skdted armature, fide Toot lieu 
ture*. * f 

Smith, Itf. J>. P , 162 n, 238, 257 8, 
592n, 602 f 

Smooth armature, 38, 79, 83f 151 ; air- 
gap permeance of, 482 * 

Solenoid, inductana of, fw ^ 
Space-factor, 323, 324 ; of fieW-magnc \ 
H p toil*, 536 ; of armature xlots, 328 
1 Spacing ripple, 151 


48, 139 

<9 / 

/ 

ie<f anua* 



* 2&, 3& Vid4 jhsmim 
Co#mulltta», Tunnel armat 
•4 V .Turbine*. ««i 


Sparking at brushes, 
r - , Commutator and 
Vaoped ofrrotatkm, 394 
^wpn^kal bearing** 313 ^ 

Split-ring eommtftatfr, 34 * 

St alloy, 410, 421, 423,424 . 

.Stampings, armature, 410 • * * 

22, 150, 4M \ 

405 ; casting*, 405, 407, 434 ; 
*tTfnphig*,*199 ; binding wjre, 381 
SteinmtU, l>m ( . P., 420 
Stdrm^tr’tt law, 410 ♦ 

_• Storage of energy InieM, 83, 00, 548 
* Stream HniFs, 482, 490 

Susceptancr, ('2 « 

Swinburne , ,/,,tn» hysteresis, 426 
Symmetrical, armature windings, 256 
i field distribution, 453 J 

.fy«:hrorious motor, uver-rx*lte«H 115 


# 7i|'bines, mater, 


*«i f 406 

tea* 50, 326 
Ur/304;! 


itUuun, Stt|SNi 

if Turbo-alternator^ M2, <23, 430 ; inter- 
| nal magnets to#, 444, 002 ; end d* 11* 

! Turbo-dvnamos, 423, 433 : bearing* of, 
310; end-bells lor, 384 
Twisted armature bar*, 63 
Vw ist big moment, 286, 289 * 

• 

u 


i 




Tangential pull on arinatur*, 46. Vide 
Torqfl^. % 4 

Taper of teeth, 397,493 1 

Tapping for N phases, of parent machine?, 

* 2o7 I o! derivative machines, 259 

Tt4mperature of dvnaruos nt work. 
437, 531 ; of field coils, 531, 555 ; of 
bearings, 308 ; effect on hutteresis, 
432 ; on Commutators, 355, 3&L ViX* 
Heating and Hise of tempera* I 
Terminals, I, 20 

S tsla, /V., 22 n 
sting dynamos, 385 

Thompson^S. P , I52w, 154, 162 m, 406* 
Tkomlon, Prof., W. A/., 396m, 428n, 

* 432, 484 I 

Three-nha*e alternators, 149, 166 
Throttling, magnetic, 449 
Toothed armatures, 38, 269, 279 ; 

binding wire for, 381 . coils for, 334 ; 
K.M.F. of, 76, 82 ; keys for, 326,380 ; 
humming of, 389 ; numbrr of slots 
per pole, 195 ; harmonics in K.M.F , ' 
i • *89 ; hysteresis in, 429, 432 ; forcer 
A on, 50, 52 ; solid bars on, 325 ; reltic- I 
•kruce of teeth in, 397, 497, .504 ; wind- 
in^4L338 ; proportions of $k>ti 327 ; 
insulaflbn of slots, 326, 32#; air- 
permeanc/* of, 4#0, 496 ; ampere- 


jju balance if nuigdi-tv' pull, 454, 466 
Undamped oscillations, 119 
Undivided alternator coils, 144 
^ Unhtyrccted current, 04 
• « Unipolar dynamo, 24 
; Unit, exploring roil, 4 ; oi± flux, 4 ; 
j of magneto-motive force, 10 ; per- 
f meability, 12 ; of inductance, 86 


VacuumT permeability of, 12 
Varnishes, insulating, 320 
Varnishing of armature discs, 2#0 
Vector diagrams of alternating circuit, 
102 

Vector of magnetic field** 

Vectors, addition 158 
K’ector polvgoih of K.M.F., 184, 188 
Ventilat^m of armatifres, 278 ; of 
magirft bobbiiw, 541* 555 4 , 

Vibration, mechanical, effect on residual 
magnetism, 406 ; on hysteresis, 431 ;# 
of shaft, 299 f 

Virtual K.M.F. or current, 98 . 

Volt, 39 ; virtual, 98, < 

Voltage, of ilvnaJUti, 2, 60, 64 , 76, 82, 
vide K.M.F. equations; between 
commutator aectofs, 193, 253, 379 
Vulcanasbest, 540 f 

Vulcanised fibre, 318, 38* J 

„ W 

Walker, Prof. Miles, 25 in, 298 m, 363m, 
384m, 393m, 396m, 41 Im, 446m, 514m, 
568m, 584m / " 

Wall, Dr. T. F., 491m, 4946 
Watt, 2 


conductors per Pole, 472 ; number of | Wattless K.M.F- !(><*« 


sectors, 195, 154 ; \ repetitions of 
K.M.F in, 238; eddies m pole-pieces, 
,%*«; rlp|>K*ia K.M.F., 151; ratio 
of slot to tooth^U27 ; ratio of copper 
to »lot area, 328 ; for alternators 38, 
Vl7 

Toroid, 7, 10 _ • 

■CDwoue gr^rnuture, 39 : ipJit of, 40 ; 

N^lcuJarBn of, in continuous-curlew 
ink/hmes 46, in alternating-current 
machines, 48, 101 ; on toothed 

armatures, 50 0 w 

^Traction geneif tors, 302, 5vH5 * * 
Trailing and leading, 52, 4&) • 

Transformation of energv, §6 
Transformer, 2, 65, 74 ; K.M.F. of, 
76,77,83# 

TransmlssWh of energv, 380, 576 
Transverlb slot flux of rotor, 597 
Traperium of M.M*F., 592 t 

inding, 2 10, 2 1 7, 243 - 


Watts per rev. p?t min., as unit of torque, 
40 ; in continuous-current machines, 
47 ; in a Itema ting-current machm##, 
48, 49, 169 : as determining armature 
sire, 40 S 

Wave of elect Br'lorce, 67, 71, 77 
Wave winding, 174, 196, #18-231: 

advantages of, 222, «27, 251, 254* 
disadvantages of, 222 ; of alternator, 
202 

J Weight, qi armature, 291 : of copper on 
549 « 

vtastinghous# Co,*» salient-pole rotor, 

• V 6 # *| 

WBurltng of shaft, 296 
Wi4th of brush contact, 2!7, 225, 257 
Widthmf coil, in alternator, homopolar, « 

28,132 ; 1«TT5» 

] m Alternator* and Differential action* 
f conductor, oT; 69, 
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»* aA-m^t eoih, *32, S«», s»,’ * , , .y 


5M, 326, 329 


•erf 

*73, V» 

Jf&uttu* factor, 167 
Wil$m f Pt»f. |? M 42 1 ♦ 


let, 20,439; nutcrj*!^!^ 
^ngth oi,«M0, 466 ; ^c^fTl 
45A, 453, 509 • 
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